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NEW DATA ON THE CHEMISTRY OF SOME OF THE RARE ELEMENTS 


1.V. Tananaev 


(Paper read at a session of the Division of Chemical Sciences of the Academy of Sciences 


of the USSR, October 31, 1957) 


In recent years the study of rare and widely scattered elements and their compounds has been intensified, 
which is to be explained by their greatly increased importance in technology. There has therefore been a great 
increase in the amount of research devoted to the properties of rare elements and the preparation of new com- 
pounds of these elements. It is understandable, therefore, why such interest is taken in individual results on the 
chemistry of rare elements and why such efforts are made to generalize these results. We here report some new 
data on the chemistry of rare elements; these have some. tueoretical importance and can be applied in practice 
in the development of new methods of extracting rare elements from natural raw materials and obtaining them 
in a pure state, in the development of methods of determining them analytically, and so on. It is important to 
note that these data were usually obtained by an extensive use of the methods of physicochemical analysis, but 
in a nontraditional form applied to nontraditional processes, so that the procedures required had to be worked 
out. This applies, in particular, to solubility and spectrophotometry methods. A new method was proposed for 
use in the study of heterogeneous systems; the measurement of the apparent volumes of precipitates. 


The investigation of these systems demanded their parallel study by different methods. Thus, when this 
was possible the systems were studied by the following methods: solubility, conductivity, spectrophotometry, 
emf measurements, and the measurement of volumes of precipitates. Such a "combined" approach to the invest- 
igation of the systems enabled us to characterize individual processes and compounds, etc., as thoroughly as pos- 
sible, so that the resulting data were asreliable as possible. This approach to the study of chemical reactions was 
developed over a period of years in the Laboratory for the Chemistry and Analysis of Rare Elements at the Institute 


of General and Inorganic Chemistry of the Academy of Sciences of the USSR and has been generally adopted in 
that laboratory. 


One of the most urgent problems consists in the development of new reactions for the detection, determin- 
ation, and separation of the rare alkali metals, lithium, rubidium, and cesium. 


As experience over many years in the study of the composition and properties of ferrocyanides of various 
metals has shown, they almost all form practically insoluble mixed ferrocyanides with alkali metals. Table 1 
gives the compositions of mixed ferrocyanides of “heavy” metals (E) with alkali metals and univalent thallium 
(M). The table gives only those data which were obtained by physicochemical analysis of systems in which the 
mixed ferrocyanides listed are formed; data obtained by other investigators by the preparative method are not 
given, as being less trustworthy. It will be seen that the class of insoluble mixed ferrocyanides is very extensive, 


and there is great variation in composition. The possibility of a wide choice of reagents for the alkali metals is 
presented, 


It should be noted that by no means every heavy-metal ferrocyanide can be used as a specific reagent for 
a given alkali metal, just as it is not possible in all systems to establish conditions that will ensure the desired 
selectivity of precipitation. However, on the basis of the fact that in any given ferrocyanide system,alkali metals 
fall in the following series with respect to their tendency to pass into the precipitate: 


Cs(= Tl) > Rb > K > Na > Li, 
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TABLE 1 


Types of Mixed Ferrocyanides (M and E denote alkali and “heavy” metals, respectively; 
R = [Fe(CN)g]) 


Mixed E Mixed 


ferrocyanides _| femocyanides | 


| Cs 


| K, Rb, Cs, Tl a 


M2E.R Rb, Cs, Tl 


10g 
» Cc ME Na 


M2 ER K 


M3ER Cs, Tl | Mn 


| Rb, Cs i M2EsRq 
MER MgEqhs 


MgE, 


MER | MeEsRs 


| MyERs | Cs 


MER | , Rb, Cs | UO, | K, tb, Cs, TI 
| 


MaEyRs | K, Rb, Cs, Tl 


it is possible to realize, in some measure, the fractional precipitation of alkali metals. The mixed ferrocyanide 
functions here as a sort of peculiar ion-exchange agent, so that the procedure in the separation of alkali metals 
can be based,in this case, on the principle of column chromatography. Thus, the precipitation of cesium and 
rubidium in presence of large amounts of potassium can be carried out fairly readily with the aid of ferrocyan- 
ides of many nonalkali metals, including magnesium, calcium, cobalt, and nickel. Cesium and rubidium can 
be largely separated with the aid of strontium ferrocyanide. The quantitative determination of potassium in 
presence of sodium and lithium is readily performed with the aid of a system of Cd®* and [Fe(CN),]*” ions. 


E | M 
Ag | ME,R | Rs | Rb 
| | wm |G 
Mg | K 
2 
Ca | M, ER | K, Rb, Cs, TI | | ME sR. | Cs 
Sr | MER | Cs | | K 
4 
Y | | Cs 
| | Na, Tl 
La | | K, Tl 4 

| | K, Rb, Cs 
Pr, Nd | | K : 
Sm | MER Na, Us | | 14 Rb 
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However, the practical question of the conditions required for the quantitative precipitation of lithium as 
a mixed ferrocyanide has still not been solved. As will be seen from Table 1, a system of La** and [Fe(CN),]*” 
ions forms the only means of precipitating lithium; with the remaining metals lithium does not form insoluble 
mixed ferrocyanides, if we pass over the rather unstable mixed ferrocyanides of lithium with copper and nickel, 
which are precipitated in presence of excess of Lig{Fe(CN)g] and are, of course, not of interest. It would not be 
an exaggeration, however, to state that further study of mixed ferrocyanides will enable us to find convenient 
procedures for the separation of all the alkali metals, including lithium. The use of ferrocyanides for this pur - 
pose is favored by the fact that mixed ferrocyanides are generally of extremely low solubility. Thus, there is no 


particular difficulty in precipitating 0.0002 g of rubidium (or one hundredth of this amount of cesium) almost 
quantitatively from 1000 m1 of solution. 


Lithium, rubidium, and cesium fluorides should acquire some importance particularly in the search for the 
most convenient methods of preparing specially pure liquid hydrogen fluoride and fluorine. Thus, a comparison 
of potassium hydrogen fluoride as a source of liquid hydrogen fluoride with the highly acid sodium fluorides 
which we have isolated for the first time (NaF + 2HF, NaF-3HF and NaF- 4HF) and with LiF~ HF shows that the 
latter have considerable advantages, particularly LiF-HF. It is not a question only of greater readiness to give 
up hydrogen fluoride (which, in the case of LiF- HF, proceeds even at room temperature) and the more con- 
venient, free -flowing residue left after removal of hydrogen fluoride, but also of the very low solubility of LiF + HF. 
Thus, by the action of 40% HF solution on almost insoluble LiF we may obtain the very sparingly soluble LiF- HF, 
from which HF can be driven off at a low temperature; consequently, it is much easier to find a suitable materi - 
al for the construction of the apparatus. We may add that the usual contamination with silicon, generally pre - 


cipitated in the form of sparingly soluble K,[SiF,] and Na,[SiF,], does not occur with LiF - HF owing to the very 
high solubility of Li,[SiF.]. 


On the basis of the difference in dissociation pressure between NaF- HF and LiF’ HF we have proposed a 
method for the determination of small amounts of sodium in metallic lithium (when a mixture of these two salts 
is heated at 100°, the residue consists of LiF and NaF- HF, which can be titrated with alkali), By making use of 
the high solubility of Li,[SiF,] and the almost complete insolubility of Na,[SiF,] in 60-70% alcohol solution, we 
were able to determine lithium and sodium separately in a mixture, alkali being used as titrant. 


It is known that the acid fluorides of rubidium and cesium have very low melting points; RbF-2HF melts 
at 51.7° and CsF* 2HF at 19°, This fact can be applied to economic advantage in the electrolytic preparation of 


fluorine. In view of the possibility of obtaining large amounts of rubidium in our country, this question should 
attract attention. 


In recent years there has been increased interest in the preparation of anhydrous LiG? which is a useful 
material for scintillation counters, The preparation of satisfactory material is far from simple. By the method 
of vacuum sublimation, a pure material free from even traces of water has been obtained. 


Many papers have been published in recent years on the chemistry of rare-earth metals: these seem to in- 
dicate that there has been a marked change in the situation regarding their preparation, particularly in the pure 
state. The great majority of investigations in this field have been devoted to the search for reagents that facili- 
tate the chromatographical separation of rare-earth metals and to the determination of the efficiencies of these 
processes. Less attention has been given to the synthesis of new compounds of the rare-earth metals and to the 
study of their structures and their reactivities. However, systematic work in this direction is extremely necessary, 
for, apart from theoretical information that will enrich our knowledge of this field, which suffers from a lack of 
factual material, new possibilities may be revealed for the separation of rare-earth metals based, for example, 
on suitably selected reactions of fractional precipitation. 


As experiment shows, differences in the chemical properties of rare-earth metals are greater than they 
seem to be at first glance. By way of example we may cite data on the composition of rare-earth ferrocyanides, 
The older literature shows that, when precipitated with Ky[Fe(CN)g] all rare-earth metals give precipitates of 
the general composition KE[Fe(CN),]. However, for precipitation with ferrocyanides of other alkali metals the 
picture may be different. Table 2 gives the compositions of mixed ferrocyanides of some rare-earth metals pre - 
cipitated from their salts with MgR(M = Li, Na, K, Rb, Cs, Tl; R =[Fe(CN)g]). It follows from these data that 
the predominant form of the mixed ferrocyanide is MER. Here we can speak only of a regular reduction in the 


* As in original — Publisher's note. 


ay 
$4 
Ber 
q 
= 
Ax 
| 
3 
PS 
f 
as 
a 
an 
ry, 
1449 


solubility of the mixed ferrocyanides with increase in the atomic weight of the alkali metal and also, in the se- 
ries Ce —Sm, with increase in the atomic weight of the rare-earth metal. Nevertheless, an appreciable difference 
is observed between individual rare-earth metals, which is expressed in a change in coordination number. If we 
imagine that these compounds have structures of the type M{ETRI}, i.e., if we assume a differentiated “internal 
sphere” in the mixed ferrocyanide, then we observe a change in the strength of the bond in the compounds with 
sodium. Thus, whereas with cerium only the lower form of mixed salt NagCegR, is found, with praseodymium 
and neodymium the normal form NaER is formed, though it is still incongruently soluble; with samarium it is 
again normal, but is now congruently soluble. The question now arises of how the type and solubility of mixed 
ferrocyanides will vary in the yttrium group. If the same tendency is shown here as in the series Ce —Sm, then 
the forms given by yttrium (which is characterized by the absence under the same conditions of an insoluble 
mixed ferrocyanide with sodium and the formation of only the lower form K,Y,R, with potassium) cannot be re - 
garded as typical of the group. 


Hence, in the search for chemical differences among the rare-earth metals it is necessary to select criteria 
more carefully in characterizing individual reagents, When we take the ferrocyanides of potassium and, particu- 
larly, rubidium, cesium and univalent thallium as our reagents, then with respect to these the chemical proper- 
ties of the rare-earth metals are leveled out if the criterion is the type of mixed salt formed, On the other hand, 
as Table 2 shows, fairly substantial differences are to be observed in the interaction of rare -earth compounds 
with lithium and sodium ferrocyanides, Incidentally, it is with these same reagents that the greatest difference 
is found in the behavior of yttrium, which can be separated from elements of the cerium group on this basis. 


TABLE 2 


Compositions of Mixed Ferrocyanides of Rare -Earth and Alkali Metals (M denotes al- 
kali metal; R denotes [Fe(CN)g]) 


Rare-earth metal 
M,R 


La | Pr and Na | | Y 
| — | | No precipitate 
NaLaR NaSmR** is formed 


R KlLaR KSmR 

| 

CR | CsCeR 
| 


TiLaR TICeR 


Cs ER CsSmR CsYR 


| | 
| | | 
RbLaR RbCek | RbER | RbSmKR | RbYR 
| | | 
| | | 


*Incongruently soluble. 
**Congruently soluble. 


In conclusion, the quite exceptional behavior of lanthanum should be noted: no simple ferrocyanide of 
this element has been obtained, even by the use of Li,[Fe(CN)g], Nag[Fe(CN)g], Hg[Fe(CN)g] and Ca,[Fe(CN)g]. 
Moreover, the mixed lanthanum ferrocyanides given in Table 2 are much less soluble than others of this type. 
Lanthanum is anomalous in its behavior toward lithium ferrocyanide, similar phenomena not being observed with 
any other metal examined. The only explanation that has been found for this anomaly in the series of rare-earth 
metals is the absence of 4f electrons in the lanthanum atom. 


In the chemistry of rare-earth metals an important part is played by soluble complexes of their compounds, 
which are used in the fractional precipitation of these metals and in their chromatographic separation. Possible 
com plex-formers include salts of tartaric, citric, and ethylenedinitrilotetraacetic acids. Although considerable 
attention has been paid to the practical side of the question, mainly to the choice of optimum conditions for 


elution, hardly any investigation of complex formation with the aid of physicochemical analysis has been car- 
ried out. 


Solubility studies on the systems Sm(NO —C,HgOg —H,O and Sm(NOs)3 —Na,C,H,O,—H,O showed that in 
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the first system, which contains tartaric acid, normal samarium tartrate is formed and there is no complex form- 
ation, whereas in the second, which contains sodium tartrate, quantitative precipitation of samarium tartrate 
(solubility product 1° 107") first occurs, and this is then dissolved in excess of reagent with formation of the sol- 
uble complex ion [Sm(CyH,Og)2]", the instability constant of which was found to be 2.42- 1077. 


Investigation of the reaction of samarium ions (Sm(NOg)s) with di- and tetra -sodium salts of ethylene dini - 
trilotetraacetic acid showed that the complex ions [Sm(H,Y),] and [SmY]> are formed in solution, The com- 
positions of complex compounds of this type therefore undergo considerable changes, depending on the pH of the 
medium. There can be no doubt that more extensive application of physicochemical ana lysis to suitable sys- 


tems can provide new data, which would make it possible to rationalize the separation of rare-earth metals with 
the aid of complex formation. 


These considerations apply even to such simple rare-earth compounds as the hydroxides, In spite of the 
great importance of the precipitation of hydroxides in the treatment of rare-earth raw materials, hardly any at- 
tention has yet been paid to the study of the dependence of the composition of the precipitate on the relative 
amount of alkali used. The important point here is that even the rare -earth elements of the cerium group, 


which are hydrolyzed relatively slightly in solution, form basic salts, which do not react very readily with alkali 
with formation of normal hydroxides, 


By way of example we may cite the precipitation of neodymium. With Nd SO,); reaction proceeds in 
two stages with formation of Nd{OH),SO, and Nd(OH)s successively. With Nd(NOgs)3, NdOH)sNO, and Nd(OH), 


are formed, The stability of the basic salt generally depends on the anion present; in this case the basic sulfate 
is much more stable than the basic nitrate. 


From these examples it will be clear that the solubility products given in the literature for rare-earth hy - 
droxides, which are calculated from pH data etc., must be treated with great caution. Account must be taken 


also of the fact that the tendency of rare-earth metals to form basic salts increases with increase in atomic num- 


ber. 


siderable interest. Until recently no details were known of the chemistry of the reaction of gallium and indium 
ions with alkalis, Physicochemical analysis of suitable systems showed that, whereas aluminum and gallium be- 
have very similarly in such systems (formation first of a soluble salt and then of insoluble basic salts, conversion 
of the latter into the normal hydroxide, and solution of this in excess of alkali), indium forms basic salts and 
then the normal hydroxide, which does not dissolve in excess of alkali. It was found that existing views on the 
amphoteric properties of indium hydroxide were greatly exaggerated. Investigation of the solubility of In(OH), 
in NaOH solutions (up to very high concentrations) showed that the formation of indates proceeded to a quite in- 
significant extent (the indate concentration was about 107° mole/liter). It is therefore possible to separate ele - 
ments having alkali-soluble hydroxides (zinc, aluminum, chromium, etc.) from indium. 


It is important to note that the great difference in chemical properties between gallium and indium is 
shown also in some other compounds, Thus, the double sodium gallium fluoride has the formula 13NaF - 5GaFs, 
whereas for aluminum we have 11NaF*4AIF, and indium forms 3NaF-InFs. Both double salts are very sparingly 
soluble in solutions containing excess of precipitant (NaF), so that it is possible to effect the quantitative sepa - 
ration of gallium and indium from many other metals which have soluble fluorides, 


A comparative study of the stepwise process of complex formation in the reaction of gallium and indium 
ions with fluoride ions in solution gave interesting results, As in the case of aluminum, gallium gives complex 


ions GaF,* which do not readily dissociate and have an instability constant of 1.4-10~°; on the other hand, under 
the same conditions indium forms considerably less stable InF,* ions which have an instability constant of 1.9- 1077. 


A similar picture is observed also in the reaction of gallium and indium with tartrate and citrate ions at various 
pH values. Whereas the presence of GaCgH,Og and [Ga(C4H,Og)2] ions in solution is quite clearly éstablished by 
composition-property diagrams, the identification of the corresponding compounds of indium in this way is much 
less clear, It was proved that indium ions have a much lower tendency to replace hydrogen in the OH groups of 
hydroxy acids. Also, indium tartrate (basic salt) is of low solubility. There is also a considerable difference be- 
tween the two metals in behavior toward oxalate ions. For galiium it has been established that the stable ions 
GaC2O4)3, [Ga(C,0,4)2]” and [Ga(C,0,),) are formed in solution; indium, however, gives the precipitate 
In(OH)C,0,, which is soluble in excess of oxalate with formation of [In(C,0,),]”. 


There is still not enough material in the literature on the chemical properties of widely scattered elements, 
in particular gallium, indium, and germanium, so that the further study of compounds of these elements is of con- 


= 
- 
‘ 
> 
x 
* 
ae 
- 
Peet 
iy: 
1451 


The existing physicochemical data show that in most cases gallium is a more powerful complex -former 
than indium, and also than aluminum, which is in accord with the values of their atomic radii. This is illus- 
trated particularly clearly by the tendency for replacement of hydrogen in the hydroxy group of hydroxy acids 
(reaction with sodium tartrate), which is very marked in gallium, less marked in aluminum, and still less 
marked in indium. On the other hand, indium forms much less soluble simple and mixed ferrocyanides (the only 
ferrocyanide that is still less soluble is that of silver). New volumetric and colorimetric methods of determining 
indium in presence of many other metals have been based on this fact. 


There is considerable interest in the Group IV rare elements zirconium and germanium. The properties 
of their compounds are being carefully studied at the present time, this work being prompted in the first case by 
the search for the best methods of separating zirconium from hafnium, and in the second case by the search for 
economic methods of extracting germanium from various natural sources, In both cases attention is directed 
mainly to various complex -formation reactions, which is of some interest in view of certain peculiarities in the 
behavior in solution of quadrivalent metal ions, which, owing to their great tendency to undergo hydrolysis, re - 
quire an acid medium. This can be seen particularly clearly from the behavior of zirconium salts toward ferro- 
cyanide ions. This reaction is used for the separation of hafnium from zirconium, but the composition of the pre- 
cipitate formed has not yet been established, It is known that almost ali metals form not only normal, but also 
mixed ferrocyanides with alkali metals, Investigation of the reaction of ZrOC1, with My [Fe(CN),] (M = Li, Na, 
K, Rb, Cs) showed that the basic salts [ZrO(OH)],[Fe(CN)g] and (ZrO) fFe(CN)g]* Zr(OH), are precipitated even 
when the solution contains as much as 0.1 mole/liter of free HCl. Increase in acidity (HCl) up to 3-4 moles/liter 
results in the precipitation of the normal ferrocyanide Zr[Fe(CN),]. However, even at this acidity,mixed ferro- 
cyanides are not formed, even when precipitation is carried out in presence of rubidium ions, This marked dif- 
ference between zirconium and other metals is evidently to be explained by the fact that, owing to its quadri- 
valent condition, all of its valences are fixed in the formation of the ferrocyanide, and this prevents the forma - 
tion of chainlike structures characteristic of metals of lower valence, particularly bivalent metals. 


It is interesting that the ferrocyanides of zirconium differ from the fluorides with respect to the tendency 
for high coordination numbers to be found, It must be stated, however, that it is very difficult to obtain complex 
zirconium fluorides containing more than three KF molecules from aqueous solutions, Thus, in the investigation 
of solubility in the system ZrF,—KF ~H,O,compounds such as 4KF + ZrF, and SKF « ZrF, were not isolated. On the 
other hand, replacement of oxygen in the ZrO** ion by fluorine proceeds very readily, e.g., by reaction of ZrOC1, 
with dilute HF solutions. Investigation of this system by conductivity and pH methods showed that the [ZrF,]” 
ion is formed when the stoichiometric ratio HF : ZrOCl, = 6. This emphasizes the high strength of the zirconium- 
fluorine bond. Many other ions differ greatly from fluoride ions in reactivity toward ZrO** ions. Thus, addition 
of salts such as Na,SO, and Na,C,Q, to a solution of ZrOC1, does not produce an alkaline reaction to phenol- 
phthalein, as in the case of addition of KF. Nevertheless, the behavior of zirconium in solution is greatly depend- 
ent on the anion. Thus, in the passage of ZrOC1, and Zr(SO,), solutions through an ion-exchange column, quite 
different absorptions of zirconium by the cation-exchange resin were observed. 


It is interesting to compare the properties of the systems ZrO,—HF —H,O and GeO,—HF —H,0. In both cases 
trihydrates of the type MF,* 3H,O (more correctly regarded as H{MOF,]~ 2H,O) and hydrates of free hexafluo 
acids, H{ZrF,]- 2H,O and H{{GeF,]- 3H,O were isolated. The fluogermanate could be isolated only at very low 
temperature owing to the extremely high solubility of the acid (a solution saturated at 25° is very close in com- 
position to the melt of H,[GeF,]-3H,O). Neither acid has been previously isolated in the free state. 


Various hexafluogermanates (cobalt, nickel, magnesium, ferrous, and others) were isolated. Investigations 
of their crystal structures showed that all six fluorine atoms are attached to germanium in the form of the com- 
plex ion [GeF,]* , as in the case of the complex anion [PtCk]}*”. 


There are references in the literature to the ability of germanium to form complexes with oxalate ions, 
but the corresponding free acid has not been isolated. By a careful investigation of solubility relations in the 
system GeO,—H,C,0,—H,0, we succeeded in isolating solid Ha{Ge(C,0,),]* 6H,O in the pure state and in obtain- 
ing several of its salts with bivalent cations. 


To conclude this short review we must emphasize that the investigation of the chemistry of rare elements 
and the provision of new experimental data on the compositions and reactivities of their compounds constitute 
an important task, and the extension of work in this direction is of great importance for modern technology. 
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SUMMARY 
New data are presented concerning the compositions and physicochemical properties of various compounds 
of some rare elements. The insoluble mixed ferrocyanides formed by various metals with lithium, rubidium, 
and cesium are reviewed, and new precipitating reagents for these elements are recommended. Regularities to ; 
be observed in changes in the compositions of mixed ferrocyanides of rare-earth metals are pointed out. Data Py 
are given on the compositions and stabilities of fluorides, oxalates, tartrates, and other compounds of gallium, cI 
indium, zirconium, and germanium. 
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SOME GENERAL QUESTIONS OF ELECTROCHEMICAL KINETICS 
AND THE THEORY OF IONIC REACTIONS 


A.N. Frumkin 


(Paper read at a session of the Division of Chemical Sciences of the Academy of Sciences 


of the USSR, October 31, 1957) 


In the evolution of modern electrochemistry we can distinguish three stages, each of which has exerted 
and still continues to exert an influence on chemistry as a whole. I shall refer only briefly to the first two, since 
their significance is generally known, The experimental investigation of the laws underlying the conductivity 
of salts and acids led to the inference of the existence of free ions in solutions, and this view was then developed 
in a brilliant manner as a result of x-ray investigation of the structure of salt crystals, Establishment of the rela- 
tion between the free energy of formation of chemical compounds and the emf of reversible cells resulted in the 
development of a very effective method of investigating the state of solutions with the aid of measurements of 
equilibrium potentials, and the application of this method is constantly expanding. 


The third stage in the history of electrochemistry, which began about a quarter of a century ago, is charac- 
terized by the development of electrochemical kinetics, As a prerequisite to this development it was necessary 
to make a more profound study of the structure of the metal-electrolyte interface by the use of several new phys- 
ical methods of investigation. In this paper I should like to show with the aid of some examples with which I 
have been closely concerned that the development of this side of electrochemistry again enables us to establish 
some close relations with adjacent fields of physical chemistry. The results obtained up to now are still modest 
in significance and cannot be compared with those referred to above, but I consider that they are of definite 
scientific interest. 


1. Adsorption of Gases on the Surface of Solid Metals 


Calculation of the rate of a heterogeneous chemical process as a function of the pressures of the gases tak- 
ing part in the reaction requires a knowledge of their adsorption isotherms with respect to the catalyst surface. 
In the early stages of the evolution of the theory of heterogeneous cataiysis, the Langmuir isotherm was generally 
used for this purpose. The determination of charging curves, i.e., the measurement of the relation between the 
potential of an electrode and the amount of electricity passed under conditions such that this electricity is used 
entirely for the removal of adsorbed particles from, or the deposition of particles on, the surface, is equivalent 
to the determination of the relation between the amount adsorbed and pressure. In this determination the cur- 
rent density must be so small that the potential of the electrode can be regarded as having its equilibrium value. 
Such measurements, first made by Shlygin, Ershler, and the author [1-3], led to the unexpected conclusion that 
the amount of hydrogen absorbed on platinum is, to a first approximation, a linear function of the logarithm of 
the pressure over a wide range of pressures (e.g., variation in pressure by a factor of about 10"), These results 
have recently been confirmed by the measurements of Knorr and co-workers [4]. The theory of the logarithmic 
isotherm has been given by Temkin [5], who showed that the observed relation is to be expected when the ad- 
sorption energy falls linearly as the surface becomes covered with adsorbed particles. The cause of this fall 
could be both the repulsive forces between the adsorbed particles and the heterogeneity of the surface.* Later, 


*If we consider the surface to be homogeneous, then the logarithmic isotherm can be explained if we assume 
that electrons binding adsorbed atoms to the surface are not localized, but are in orbitals that embrace the 
whole surface. In this case, every extra electron must take up a higher energy level, so that the adsorption en- 
ergy will fall as the surface coverage increases [6]. 
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by the use of alternating currents of various frequencies, we succeeded in measuring not only the relation of the 
equilibrium amount of adsorbed hydrogen to the potential, but also the rate at which this equilibrium is disturbed s 
as the potential is displaced owing to the passage of electricity; over a certain range of potentials this rate was iy 
found to be approximately independent of potential [7]. In order to explain this it is necessary to assume that, 
like adsorption energy, the activation energy for the ionization of adsorbed hydrogen at constant potential falls 
linearly with increase in the coverage of the surface with adsorbed hydrogen and to an extent which is a frac- 
tional part of the change in adsorption energy. Electrochemical investigation, therefore, has led to the conclu- 
sion that adsorption layers exist in which adsorption energy and activation energy bear a definite relation to sur- 
face coverage. This concept was widely applied by Temkin and co-workers in the interpretation of the pheno- 
mena of heterogeneous catalysis. On the assumption that the adsorption layers of nitrogen on iron have such 
properties and that the stage determining the rate of the process as a whole is the stage of chemisorption of N, 
molecules, Temkin [8] succeeded in deriving the following equation for the rate of ammonia synthesis: 


PNH, 


3 
Pu, 


in which 0 < a < 1. Of all equations yet proposed, this gives the most satisfactory agreement with the experi- 
mental data on this important reaction. The same approach was used by Temkin and co-workers in the deter- 
mination of the mechanism of transformations of CO and of other heterogeneous processes [9]. 


Temkin and co-workers later developed a method of studying surface layers which is to a certain extent 
analogous to the method of charging curves [10]. This method is based on the study of equilibria established as 
a result of reversible chemical interaction between adsorbed particles and components of the gas phase (for such 
equilibria the term “adsorptional-chemical equilibrium" has been proposed), Thus, equilibrium between nitro- 


gen adsorbed on an iron catalyst for ammonia synthesis and gaseous hydrogen and ammonia were observed di- 
rectly: 


N (ads) + = NHg(gas). 


As the coverage of the surface with nitrogen increases, the ratio PNH,/PH, increases. By combining these results 
with known values of equilibrium constants for 


N2(gas) + = NHg(gas), 
we obtain the adsorption isotherm for nitrogen, In a similar way, by use of the equilibrium 
O(ads) + H,(gas) = H,O(gas) 


the properties of the surface oxygen of oxides (Fe,0,, etc.) were studied. 


Like the determination of charging curves, this method can cover a wide range of variation of equilibrium 
pressures of adsorbed gas, including values inaccessible to direct measurement, The experimental data, both for 
nitrogen on iron and for surface oxides correspond to the logarithmic adsorption isotherm. 


2. Electrocapillary Phenomena and Anomalous Properties of Thin Layers of Liquids 


Until recently, two main cases of transition from an adsorbed layer to a new phase were distinguished. In 
the condensation of vapor on any surface it was assumed that, in the case of complete wetting, as the pressure of 
the vapor approaches the saturation value, gradual and unlimited increase in the thickness of the adsorbed layer 
occurs, i.e., the transition from the adsorbed layer to the new phase is continuous. On the other hand, with in- 
complete wetting the adsorbed layer that is in equilibrium with saturated vapor is substantially different from the 
bulk phase and is unimolecular or is only a few molecules thick. If a hydrogen or nitrogen bubble is placed at 
the interface between mercury and electrolyte solution, it has a contact angle which, in the case of an uncharged 
mercury surface, is about 100° (poor wettability of mercury). From the value of this angle, which depends on the 
potential of the electrode, we may calculate the interfacial tension at the mercury -bubble interface, on which 
there is an adsorption layer that is in equilibrium with saturated water vapor [11]. It was found that this inter- 


1455 


“° 
J 
| 
1 
[3 
Pag, 
2 
wien 


facial tension is also dependent on the potential and follows a certain electrocapillary curve. It follows that 
this layer contains not only solvent molecules, but also electrolyte ions; it must therefore have a considerable 
thickness; in a layer that is only 1-2 molecules thick the solvation energy of the ions would be so much reduced 
that their concentration in equilibrium with the solution would become infinitesimally low. In equilibrium with 
saturated vapor, therefore, relatively thick layers will be found: they may be dozens of molecules in thickness 
and yet cannot show a continuous transition into the bulk phase. 


These measurements were later repeated with water-alcohol mixtures [12]. Addition of alcohol, which 
wets the mercury better than water does, results in a further increase in the thickness of the equilibrium layer. 
In 90% alcohol, the layers obtained give electrocapillary curves that scarcely differ from the usual electrocapil- 
lary curve, although the surface tension of mercury in presence of these layers differs by quite an appreciable 
amount (of the order of one-tenth of an absolute unit) from the tension in presence of liquid in the form of a 
bulk phase.* I refer to these results because Deryagin and co-workers recently succeeded in showing by optical 
measurements that as we approach the saturation point the thickness of the adsorbed layer of a polar liquid, e.g. 
water or an alcohol, on a smooth glass surface does in fact attain a value equivalent to dozens of molecules (up 
to 100 A), and there is nevertheless a tendency to move to a final limit, i.e., not to grow continuously with 
transition into the bulk phase; the appearance of the bulk phase is a sudden one [13]. Such anomalies of thin, 
but not molecularly thin, layers, which were discovered and investigated by Deryagin and co-workers by various 
other and independent original methods, undoubtedly form a remarkable peculiarity of the liquid state, and we 
cannot yet give a complete explanation for it. 


These examples can be greatly multiplied, Here I will mention only Rebinder's discovery of the electro- 
capillary effect of change of hardness with polarization and the preparation by Balashova and Bakh of positively 
charged platinum sols, which became possible when the relation 
of the sign of the surface charge of platinum to potential was de - 
termined by adsorptional-electrochemical methods. 


I wish to discuss in greater detail the relationships that I re - 
gard as particularly important and the most promising for study at 
the present time, namely the relationships between electrode pro- 
cesses and ionic reactions in solutions. I shall try to show that 
comparison of electrochemical data with the results of the investi - 
gation of ionic reactions can greatly help in the analysis of reac- 
Fig. 1. Relation of current density to tion mechanisms. In this comparison, however, it must be remem- 

a" bered that the rate of an electrode process is determined by the 
potential in 10°“ K,S,O, in presence of 
concentration of particles near the electrode surface, and this may 
Na,SO, determined with the aid of ro- : 
be substantially different from the bulk concentration. This fact 
tating amalgamated disc electrode. 
can be best illustrated by the behavior of various anions, e.g., per- 
Potentials referred to the normal hydro- 2- 
sulfate in electroreduction at the surface of a mercury or 
8 , Be pe other electrode [14]. The persulfate anion is readily reduced at 
tential, Na,SQ, concentration: 1) 1 N; 
2) 0.1 N; 3) 0,008 N; 4) 0 mercury even with weak cathodic polarization (Figure 1). How- 
is : . : ever, if we pass to more negative potentials at which the mercury 
surface acquires a negative charge, the rate of reduction falls off 
sharply and may approach zero at a sufficiently low concentration of supporting electrolyte. This fall in reac- 
tion rate is due to lowering of the concentration of the anion in the surface layer resulting from its electrostatic 
repuision by the negatively charged surface. The repulsion is eliminated, or at least reduced, by raising the con- 
centration of supporting electrolyte and so screening the electric field of the surface charges and reducing the 
range of the Coulomb forces, The difference in concentration between the surface layer and the bulk of the solu- 
tion can be allowed for quantitatively in the case of small ions by introducing the concept of a localized poten- 
tial (p,-potential) at the center of charge of the reacting particle [15]. In the case of large organic ions and, 
particularly, neutral molecules,great importance is acquired by effects that depend on the square of the field and 
are well known from the theory of salting-out of solutes by strong electrolytes [16]. 
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While keeping these differences between bulk and effective concentrations of particles in electrode process 


*More accurately, comparison is between the sums of tensions at the mercury -solution and solution-gas boundar- 
ies for the cases in which the solution is in the form of a polymolecular layer and in the form of the bulk phase. 
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in mind, we will examine the catalytic effect of ions on electrode processes. As lofa, Kabanov, and co-workers 
have shown [17], hydrogen overvoltage at a mercury cathode falls sharply in presence of adsorbed anions such as 
bromide and iodide; that is to say, these anions accelerate the electroreduction of a hydrogen ion. This phen- 
omenon, which is the main cause of the relatively low overvoltage in concentrated hydrohalic acids and there - 
fore of their enhanced corrosive action on metals (as shown by, e.g., Heyrovsky [18], Randles [19], and Piontelli 
[20]}), is not confined to the case of the hydrogen ion, but is characteristic for many cases of the electrore duction 
of cations. Thus, the presence of an adsorbed layer of pentyl alcohol greatly retards the electroreduction of cd*+ 
and Cu** ions. However, according to Martirosyan and Kryukova, chloride and bromide ions accelerate this pro- 
cess to such an extent that the inhibiting effect of pentyl alcohol ceases to be noticeable [21]. 


Antropov [22] made the suggestion, which probably goes too far, that the main cause of the high values of 
exchange currents for certain metals is their ability to adsorb anions. The catalytic effect of anions disappears 
or becomes weaker at highly negative potentials, at which the anions cease to be adsorbed. The most element- 
ary explanation of the action of anions that is referred to in lofa and Kabanov's paper is that the adsorption of an 
anion causes displacement of the potential in the double layer (y-potential) in the negative direction, so that 
the surface concentration of reacting cations and the rate of reduction are increased, It is possible, however, 
that anions can participate directly in the electrode process, acting as a carrier of an electron from the elec- 
trode to the cation being reduced, a suggestion first made by Heyrovsky. 


However we may represent the participation of adsorbed anions in the elementary act, there can be no 
doubt that they form bridges between the electrode surface and the cation being reduced, Later, the concept of 
the formation of anion bridges was arrived at by foreign investigators who studied the mechanism of oxidation- 
reduction processes and isotope exchange in the bulk of a solution with the aid of labeled atoms [23]. Anions, 
e.g., F-, Cl: and OH’, greatly accelerate processes occurring between cations in solution. The actual mechan- 
ism of the action of anions can be represented in various ways. In the case of the oxidation of Cr®* ions with 
Co(NHy)sC1**, it was shown by the use of labeled chlorine that reaction proceeds with intermediate formation of 
the activated complex [Cr —C1—Co(NHsg)s]** with transfer of a chlorine atom from cobalt to chromium. It may 


be supposed that in other cases the role of the anion is to facilitate mutual approach of cations and reaction pro- 
ceeds by a direct electron transition. 


The significance of the formation of anion bridges in reactions with participation of cations is beyond 
doubt. The question arises of the possibility of the formation of analogous cation bridges in reactions in which 
anions take part. By the use of labeled atoms it may be shown that a rapid exchange of charges occurs between 
highly charged anions such as FeCy$ and FeCy3™ or MoCy$” and MoCy3™ [24]. This occurs in spite of the high 
charges of these anions which, being of the same sign, must create a considerable resistance to the mutual ap- 
proach of the ions. In explanation of the mechanism of this reaction it was suggested that it proceeds by a tun- 
nel transition of electrons from one reacting particle to another without any direct mutual approach [25]. Some 
sort of answer to our question may be given by an investigation of the mechanism of the electroreduction of 
anions at the surface of a negatively charged electrode, which is in many ways analogous to the reaction just 
mentioned. The more gradual fading off of the electric field at the flat surface of an electrode, as compared 
with the field around an ion, has the result that the electrostatic repulsive effects must be much more strongly 
marked in the case of electrode processes. Correspondingly, as I have already mentioned, in the investigation of 
the electrore duction of anions,considerable retardation of the process is observed when we pass to potentials cor- 
responding to a negatively charged surface. However, at still more negative potentials, in spite of further in- 
crease in the negative charge of the surface and therefore in the repulsion of anions, the reaction again acquires 
a considerable speed (Figure 1). Several arguments can be advanced in support of the view that under these 
conditions reaction proceeds by tunnel transitions of electrons over distances comparable to the thickness of the 
double electrical layer. At one time we regarded this suggestion as sound [26], and it is possible that there is 
some truth in the view. As we shall see below, however, there can be no doubt that the formation of cation brid- 
ges plays an important part in the electroreduction of anions, It has already been stated above that the rate of 
reduction of the persulfate anion increases with increase in the concentration of the supporting electrolyte, i.e., 
with increase in the concentration of cations in the solution, This effect is all the more notable, the higher the 
charge of the cation, but I do not wish to discuss this further here because the conclusions that I wish to exam- 
ine are based on a study of the effect of other factors, namely adsorbability and cation radii. 


The data given below are borrowed from the results of Nikolaeva-Fedorovich and co-workers obtained in 
the Electrochemistry Department of Moscow University. The reduction of persulfate is greatly accelerated if a 
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surface -active cation, such as the tetrabutylammonium ion, is introduced into the solution [27]. As will be seen 

from Figure 2, at a concentration of only 1075 N, tetrabutylammonium completely, eliminates the anomaly from 

the polarization curve, Other adsorbable cations behave similarly. However, at sufficiently high negative poten- 

tials the effect of tetrabutylammonium disappears and the repulsive effect of the surface on the anion operates 

in the same way as in the absence of this cation, The key to the understanding of this effect is given by measure - 
ments of the capacity of the electrode made with alternating cur- 
rent (lower curve on Figure 2). At the potential at which the action 
of the organic cation ceases there is a sharp maximum on the cap- 
acity curve; this is a desorption peak, indicating that this is the 
potential marking the limit of the range in which adsorption of the 
tetrabutylammonium ion occurs, Hence, the tetrabutylammonium 
ion acts only when it is adsorbed on the electrode surface. The view 
that the effect of any component of a system on a heterogeneous process 
e.g., heterogeneous catalysis, can appear only when itis adsorbed ata 
suitable interface lies at the basis of all the theory of these phenomena, 
but itis doubtful whether any other methods could give such an unequi - 
vocal proof of its correctness. Similar results were obtained for the 
reduction of the ferricyanide [28] and HgCy=” (29] ions. 


y In the solution of the question raised in this paper, namely 
“25-10-15 ~20(n.c.e.) the part played by the formation of cation bridges, data on the re- 
lation of the effectiveness of cations to their radii are of the great- 
Fig. 2. Relation of current to poten- est importance. Figure 3 shows polarization curves for the electro- 
tial in the electroreduction of the reduction of 1073 N K,S,Ox in presence of 10~* N alkali-metal 
$,0}° anion at a dropping mercury chlorides (Lit, Na*, K*, Rb*, and Cs* from bottom to top) accord- 
electrode: 1) 10° N K,S,0,; 2) 1078 ing to Nikolaeva and Damaskin [27,30]. These curves were ob- 
N KpS,0, + 10° N [N(CgHg),]SO,; 3) tained with the aid of a dropping electrode; only parts of the 
differential capacity of mercury in curves corresponding to a negatively charged surface are given in 
10° N Na,SO, + 10°5N [N(CgHg)4 ]SO4. Figure 3, since at positive charges the curve is distorted by a polar- 
ographic maximum of the first kind. As will be seen, reaction rate 
varies greatly with change in the radius of the cation. When a cor- 
rection is applied to the observed values of the current to take account of changes in concentration due to pas- 
sage of current, it is found that the rate in presence of 10~* N Cs* is about 40 times as great as in presence of Li* 
at the same concentration. A similar relation between the rate of the process and the radius of the cation was 
found by Zezula for the reduction of the $,02” anion [31]. As Nikolaeva-Fedorovich showed, a similar relation 


is observed also in the reduction of the PtClZ” anion, which probably proceeds by a somewhat different mechan- 
ism. 


The dependence of the rate of electrode processes in presence of alkali-metal cations on the radius of the 
cation was observed earlier (Herasymenko and Slendyk [32] for the electroreduction of hydrogen ions, Izgaryshev 
and Ravikovich [33], and Vasenin and Gorbachev [34] for the electroreduction of some metal cations), The sign 
of these effects is opposite to that for the discharge of anions, i.e., the rate of discharge of H* ions diminishes as 
the cation radius increases, In absolute value these effects are relatively small; they are much smaller than the 
effects observed in the electroreduction of anions. Measurements of electrocapillary curves [35] and particularly 
the precise measurements of capacity carried out by Grahame [36] have shown that the charge of a negatively 
charged mercury surface is somewhat dependent on the radius of the cation, and this must lead to differences in 
the value of the ~,-potential and therefore in the kinetics of the processes occurring at the surface. These dif- 
ferences in the rates of reactions in which cations take part may explain the variations in the mean values of the 
¥,-potential, but in the case of the electroreduction of anions the differences in rate are too high to be explained 
completely without recourse to the concept of a closer interaction between the reacting anion and the cation of 


the supporting electrolyte, i.e., to the idea of cation bridges. The more readily adsorbed and less highly hydrated 
Cs* ions are found to ke more effective than Li* ions, 


This conclusion is confirmed by measurements of the temperature coefficient of the electroreduction of 
persulfate [30,37]. It was found that the temperature coefficient of the rate of this reaction, referred to constant 
concentration of reactant, falls as we replace the cation of the supporting electrolyte Na* by K* and particularly 
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by Cs*, which indicates increase in the strength of the bond formed 
with the anion in this order. In the case of a Cs* supporting elec- 
trolyte, the temperature coefficient of the reaction becomes nega- 
tive. Analogous conclusions are reached by a comparison of the 
rates of electroreduction of the BrO, anion in supporting electro- 
lytes containing various cations [38]. The formation of cation 
bridges has been recently confirmed by a comparison of differen- 
tial capacities of the electrode in presence of the chlorides and 
iodides of sodium and cesium [39]. 


In a paper read in 1955 at a conference on chemical kinet- 
ics, I expressed regret at the absence of data on salt effects in bulk 
reactions between anions which could throw light on why electro- 
static repulsion does not prevent rapid reaction in these cases [40]. 
In 1957 there appeared a paper by the American authors She ppard 
and Wahl [41], who investigated the kinetics of exchange between 
MnO,?" and MnO,” and showed that the rate of this process is 

203 05-07-09 13-18-17 greatly dependent on the nature of the cation, which led them to 

g suggest that a cation bridge of the type [MnOQ,—K—MnQ,}*~ plays 

Fig. 3. Relation of current at dropping a part in the reaction, a suggestion — to that made by us 
electrode to potential in 10“ N K,S,0, on the basis of electrochemical data. 


in presence of 10~ alkali-metal chlo- The effectiveness of cations in the formation of cation brid- 
ride: 1) CsCl; 2) RbCl; 3) KCl; 4) ges is not determined entirely by their adsorbability and hydration 
NaCl; 5) LiCl. energy, but probably depends also on relations between the dimen- 

sions of the cation and the distance at which the center of the ac- 

tivated complex will be found in the transition of an electron from 
the electrode surface to the anion being reduced. Large organic cations such as N(C4Hg)z, which accelerate the 
reduction of the anions S,03", FeCy$", and HgCy{ to an extremely high degree at potentials corresponding to 
the minimum of the polarization curve, do not accelerate, but even retard, the reduction of PtClg” [28]. It is 
possible that, owing to the planar configuration and, probably, high adsorbability of this anion, the transition of 
an electron in the reduction proceeds at a much shorter distance from the electrode surface than in the reduction 
of the anions already discussed, and the positive charge of the cation, which is at a relatively great distance 
from the electrode surface, is ineffective. Only at higher negative potentials, at which, judging from measure - 
ments of differential capacity, there appears to occur some flattening of the tetrabutylammonium cation at the 
electrode surface, is some acceleration of the process observed, and this disappears at still more highly negative 
potentials owing to the desorption of the cation from the surface. 


I have tried to illustrate the relation between electrochemical kinetics and the kinetics of ionic reactions 
in the bulk of a solution with the aid of examples of processes proceeding with the participation of anions. Of 
no less interest would be a comparison of phenomena of acid-base catalysis with discharge of hydroxonium ions 
and other proton donors at electrode surfaces, but this is outside the scope of the present paper. 
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NITRATION OF FLUOROOLEFINS WITH NITROGEN DIOXIDE 


I.L. Knunyants and A.V. Fokin 


(Paper read at a session of the Division of Chemical Sciences of the Academy of Sciences 


of the USSR, October 30, 1957) 


The nitration of aromatic and of saturated and unsaturated aliphatic hydrocarbons has been extensively 
studied and developed, but the nitration of fluoro compounds has scarcely been investigated at all. The study 
that we have undertaken of the nitration of fluoroolefins with oxides of nitrogen has established the existence of 
differences in the reactivities of various fluoroolefins and has led to the synthesis of several previously unknown 
fluoro compounds, including fully fluorinated 2-nitroalky] nitrites, the chemistry of which is unusual and inter - 
esting. 


It is known that fluoroolefins, like other olefins carrying electronegative substituents such as acrylic acid, 
acrolein, and nitroethylene, readily combine with nucleophilic reagents, such as ammonia, thiols, and sodium 
bisulfite, which, under the same conditions, do not add to an isolated ethylenic bond. 


Most of the reactions of fluoroolefins with nucleophilic reagents are ionic in character, and their first 
stage must be regarded as an attack by an anion. Such a view is supported by the necessity for alkaline catalysis 
in almost every case of the addition of a substance having only weakly nucleophilic properties to fluoroolefins 
(1-4]. 


In contrast to the smooth reaction of perfluoroolefins with nucleophilic reagents, the addition of which 
proceeds more readily as the polarity of the double bond is increased, reaction with electrophilic reagents can 
be effected only under very much more severe conditions, Many reactions of fluoroolefins proceed with great 
difficulty and only with free -radical initiation. 


The reactions of fluoroolefins with halogen compounds, hydrohalic acids, and especially fully fluorinated 
iodoalkanes, and also their polymerization, proceed by free-radical mechanisms and demand the supply of en- 
ergy (for the homolytic breakdown of reactants and the crossing of the energy barrier) in the form of heat, light, 
or catalytically acting additions, e.g., peroxy compounds and other initiators for free-radical processes. These 
peculiarities of fluoroolefins are probably associated with electronic exhaustion of the m-bond as a result of the 
specific electronegativity of fluorine. With agents that readily form free radicals and with radical-like mole - 
cules perfluoroolefins should therefore react smoothly. In view of these considerations,the behavior of perfluoro- 
olefins toward nitrogen dioxide is of special interest. 


Coffman in 1949 and Haszeldine in 1953 [5-7] stated that in the reactions of tetrafluoroethylene and of 
chlorotrifluoroethylene with nitrogen dioxide only dinitroalkanes are formed; they did not investigate reaction 
with other fluoroolefins. In our investigation of the nitration of perfluoroolefins with nitrogen dioxide we showed 
that the course of this reaction depends to a considerable extent on the structure and peculiarities of the fluoro- 
olefin and can give not only dinitro compounds, but also some new interesting substances, 


In the gas phase and in nonpolar and only slightly polar solvents, nitrogen dioxide dissociates with forma - 
tion of radical-like NO, molecules, The radical character of the NO, molecule is confirmed by its paramag- 
netism, its line absorption spectrum, its color, and the readiness with which it reacts with species carrying an 
unpaired electron. Nitrogen dioxide monomer has seventeen valence electrons, The unpaired electron may be 
found either on the nitrogen atom or on one of the oxygen atoms, so that it is logical to expect not only NO, 
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particles will add at the double bond, but also ONO particles with formation of fully fluorinated nitroalky1 ni - 


trites. It is formally possible that addition of two nitrite groups may occur with formation of fully fluorinated 
alkylene dinitrites, 


We showed that reaction between tetrafluoroethylene and nitrogen dioxide in a confined space is explo- 
sive [8-9]. A controllable reaction can be brought about in inert solvents of low polarity, such as carbon tetra - 
chloride, dichlorotetrafluoroethane, etc. The main reaction products, formed in 80% yield, then consist in a 
mixture of tetrafluoro-1,2-dinitroethane and tetrafluoro-2-nitroethy! nitrite. In addition, a small amount of a 


mixture of high-boiling telomerization products of tetrafluoroethylene is formed under the initiating action of 
nitrogen dioxide; 


O.NCF, — CF, — ONO 
CF; = CF, + O.NCF: CF, NO, 

ON (CF2),NOs 

CF, N => O. 


The dinitro compound and the nitro nitrite were obtained in almost equal amounts, In the reaction of tetrafluoro- 
ethylene with nitrogen dioxide in the gas phase at about 100° at ordinary pressure, in addition to tetrafluoro-1,2- 
dinitroethane and tetrafluoro-2-nitroe thy] nitrite, tetrafluoro-1-nitro-2-nitrosoethane was obtained. 


We succeeded in extending nitration with nitrogen dioxide to other perfluoroolefins [8]. It was found that 
in the nitration of perfluoropropene and perfluoroisobutene more severe conditions were required (absence of sol- 
vent and elevated temperature). Perfluoropropene is nitrated in good yield at 90-100° and perfluoroisobutene 
at 160-180°. In the first case almost the only product formed is hexafluoro-2-nitropropy! nitrite (yield more 
than 90%), with only a small amount of hexafluoro-1,2-dinitropropane, but when the temperature is raised to 
150° the yield of hexafluoro-1,2-dinitropropane is increased from 5% to 15-20%, 


In the case of perfluoroisobutene [pentafluoro -2-(trifluorome thy1)propene] the main reaction products are 


and pentafluoro -2-nitro-2-(trifluoromethy1)propy1 nitrite (in 
equal amounts): 


CFs; CFs 
\ 
C—CF, 
Fi. 
CFs; NO, NO, CFs; NO,ONO 


Nitration of perfluorocyclobutene with nitrogen dioxide can be carried out within a comparatively narrow 
temperature range. Reaction does not go below 130-140°, and above 170° the mixture explodes. The reaction 
gave hexafluoro-1,2-dinitrocyclobutane and perfluorosucciny] fluoride. 


TABLE 1 
| Found % Calc. % 
Formula 20 20 
B p- nD 
F N F N 
O,NCF, — CF,NO, 57—58 1.622 1.3249 | 39.4 14.2 | 39.6 14.6 
O,NCF;, — CF; —ONO 17 1.5310 1.3002 | 39.6 14.9 | 39.6 14.6 
CF, — CF (NO,) — CF,NO, 76 1.6313 1.3141 37.4 10.9 | 37.4 11.5 
CF, — CF (NO,) CF; — ONO 57 1.637 1.3276 47.0 11.5 | 45.9 | 11.0 
(CF): C (NO2) CF; — NO, 2 1.€60 4.2212 | 52.0 52.4 
(CF,)2 C (NO) CF; — ONO 48 1.598 1.2870 | 52.0 — 52.4 = 
CF, — CF (NO,) CF (NO2) CF; 62/100 1.7721 1.3640 44.5 10.2 45.3 11,0 
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It was thus shown that perfluoroolefins (tetrafluoroethy lene, perfluoropropene, perfluorocyclobutene, and 
perfluoroisobutene) react with nitrogen dioxide with varying ease with formation of fully fluorinated 1,2-dinitro- 
alkanes and fully fluorinated 2-nitroalky! nitrites. 


Comparison of the rates of reaction with nucleophilic compounds (alcohols, thiols, etc.) makes it possible 
to place fluoroolefins in a series, in which tetrafluoroethylene is the least reacuve: 


CF, 
CF, = CF; < CF; — CF = CF;< Se = CF; 
CFs 


As is well known, tetrafluoroethy lene reacts with alcohols and thiols above 100° and in presence of alkaline cat- 
alysts; with perfluoroisobutene the same reactions proceed readily in the cold without catalysts. As would be 
expected, for the reaction of perfluoroolefins with the electrophilic nitrogen dioxide the relative behaviors are 
different. The compound most reactive toward N,O, was found to be tetrafluoroethylene, and as we pass from 
this to perfluoropropene and perfluoroisobutene the difficulty of nitration greatly increases. In reactivity toward 
nitrogen dioxide the perfluoroolefins can be arranged in the following series: 


CFs 


| | 
CF, = CF, > CF; — CF = CF, > CF, — CF = CF = CF; > 
CF; 


Their reactivity toward nitrogen dioxide is therefore in accord with the behavior observed in other known cases 
of the free -radical addition of electrophilic reagents [10]. 


The conditions required for nitration and the character of the products indicate that the reaction has a free - 
radical mechanism. The following facts provide proof of this; the reaction proceeds in nonpolar solvents, i.e., 
under conditions favoring homolytic processes; reaction is not accelerated by addition of strong acids to the re- 
action mixture, and in some cases the degree of conversion and the yield of nitration products are lowered; telo- 
merization of fluoroolefins, initiated by radical NO, molecules, is observed in the nitration reaction; fluoroole - 
fins can be nitrated in the gas phase at elevated temperatures with formation of nitro nitrites, dinitro compounds, 
and nitroso compounds; in some cases in absence of solvents chain reactions occur and may result in explosions; 
and so on, 


The use of solvents favoring ionic reactions, e.g., nitrobenzene, did not affect the composition of the re - 

action products, On addition of strong acids (nitric, sulfuric, and hydrofluoric), in presence of which N,Q, disso- 
O 

ciates into the nitroso cation NO* and the nitrate anion o-ng , the products detected were again only those 
O 


resulting from the addition of products of the homolytic dissociation of N,O,: tetrafluorodinitroethane and tetra - 
fluoro-2-nitroethy! nitrite, but not tetrafluoronitrosoethy! nitrate, the formation of which would be evidence of 
an ionic process, 


We proved experimentally that free radicals are formed by the action of nitrogen dioxide on perfluoroole - 
fins. The proof was based on bringing the tetrafluoronitroethy1 radical formed in the process into reactions speci - 
fic for free radicals with a third component, not in itself reactive toward the original olefin. A mixture of equal 
volumes of tetrafluoroethylene, nitrogen dioxide, and nitric oxide was passed through a glass or nickel tube at 
100-130° and, apart from products of the addition of N,O, (tetrafluorodinitroethane and tetrafluoro-2-nitroethy1 
nitrite), tetrafluoro-1-nitro-2-nitrosoethane (NO,—CF,—CF,—NO) was formed. 


The reaction of tetrafluoroethylene with nitric oxide in presence of NO, proceeds by the combination of 
the intermediate tetrafluoronitroethy! radical and NO molecules, which have a hidden radical function. More - 
over,the fact that in this reaction the fully fluorinated nitronitrosoalkane is formed and none of the corresponding 
nitroso nitrite confirms the view that the primary act in the reaction is attack of the double bond of the fluoro- 
olefin by NO, and not by ONO. The formation of nitroso compounds in this reaction shows that the two NO, 
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wi molecules do not add at the same time, as otherwise the formation of mixed nitroso compounds would be im- e 
possible. 
y The reaction of perfluoroolefins with nitrogen dioxide in the gas phase or in a nonpolar solvent results -_ 
a from interaction between electrons of the  -bond and radical-like nitrogen dioxide monomer: : 
CF, = CF, 0,NCF, — 
The resulting fully fluorinated nitroalkyl radical reacts with NO, molecules (or N,Q, molecules if they can be ao 
present under the conditions of reaction): . 
R — CF —CF;+ NO; — NOs 
| 


| 
R — CF — CF, — ONO 


j NO, 
R — CF (NO,) — CF,NO, + NO, 


NO, 


The nitrogen dioxide molecule can add to a carbon atom with formation of C—N or C—O bonds (fully fluorinated 
1,2-dinitroalkane or 2-nitroalky! nitrite), The second stage of reaction, therefore, consists in the combination of 
the intermediate radical with the radicals NO,, ONO, and, in some cases, NO. This recombination process is 


rapid and does not require appreciable activation. The kinetics of the reaction are determined by the rate of the 
first stage. 


Each of the two theoretically possible radicals A and B 


which may be formed in the initial stage of the reaction may be stabilized by addition of one of the radicals 
ONO or NO; this addition may give the following compounds: 


F,C — NO, F.C — NO, 


F, —C— NO, F,C — ONO — NO 
(1) 2) (3) 
ONC F,C — ONO F,C—ONO 


| | 
F,C — NO, F,C — ONO F,C — NO 


Whatever procedure was used in the reaction of tetrafluoroethylene with nitrogen dioxide, the formation of 
compounds (2) and (3) of series B was never observed, whereas addition of type A gave all the substances (1), (2), 
and (3) of series A and these we isolated and investigated. 


The formation of tetrafluoro-1,2-dinitroethane, tetrafluoro-2-nitroethy! nitrite, and tetrafluoro-1-nitro-2- 
nitrosoethane in the reaction of tetrafluoroethylene under various conditions indicates that the primary act is at- 
tack by NO, radicals. The absence of dinitrites in the nitration of various perfluoroolefins is an indication of the 
analogous character of the primary act in these reactions. 


The formation of products of high molecular weight in the nitration of tetrafluoroethylene probably pro- 
ceeds as an unbranched chain reaction: 


CF, = CF, +-NO,— — CF, 


NO; 


7 
4 
| 
F F 
F—C—NO, F —C—ONO 
A d B 
| | 
: 
a 
| 


. NO, 
— F,C — CF (CF, CF;) n “ONO _ CF; (CF,CF%),, NO, 


NO, NO, 


CF, — CF, (CF; — CF2),, ONO 
NO, 


Owing to the high stability of the fluorine -carbon bond and of compounds containing several fluorine atoms 
on a carbon atom, the nitration products of fluoroolefins undergo no changes in the reaction zone and can be read- 
ily isolated in absence of moisture, Thus, fully fluorinated 2-nitroalkyl nitrites, unlike the unfluorinated com - 
pounds, were found to be quite stable. 


Fully fluorinated 2-nitroalky! nitrites are formed not only in the liquid phase, but also in the gas phase. 
Thus, tetrafluoro-2-nitroethy! nitrite is formed at 100-140° by gas-phase nitration, and hexafluoro -2-nitropropy] 
nitrite is formed at about 200°. 


We showed that the degradation of tetrafluoro-2-nitroethyl and hexafluoro-2-nitropropy! nitrites occurs 
only above 250°. The stability of these compounds can be explained by the impossibility of the intramolecular 
oxidation that is peculiar to unsubstituted nitrites. 


In the case of unsymmetrical perfluoroolefins, e.g., perfluoropropene, there are two possible ways for ni- 
trogen dioxide to add and these would give the hexafluoronitropropy! nitrites (1) and (II): 


CF; — CF — CF, — ONO 
(I) 


CF; — CF — CF,NO, 
bno 
(II) 


By reaction with water (I) could give tetrafluoro-2-nitropropionic acid (III), whereas (II) would be expected to 
give pentafluoronitroacetone (IV): 


CF; — CF — COOH CF; —- C — CF, —NO, 


NO» O 
(111) (IV) 


The formation of tetrafluoro-2-nitropropionic acid as the only product of the hydrolysis of hexafluoronitro- 
propyl nitrite confirmed the direction of the addition of the nitro and nitrite groups to perfluoropropene: the ni- 
tro group adds to the central carbon atom, which carries the lowest number of fluorine atoms. As would be ex- 
pected, addition to perfluoropropene is in the direction opposite to that for addition to unsubstituted propene. 
Perfluoroisobutene appears to be a more polar fluoroolefin and reacts in the cold with alcohols, amines, and other 
nucleophilic reagents, The chemical peculiarities of perfluoroisobutene are reflected also in its reactions with 
electrophilic reagents; the difficulty with which these occur has been shown in the case of bromine and iodine. 
The free -radical reaction of addition of nitrogen dioxide to this olefin is also very sluggish. 


The nitration of perfluoroisobutene was carried out in absence of solvents, and good yields could be ob- 
tained only at 170-180°. There were two main products: pentafluoro-1,2-dinitro-2-(trifluoromethyl) propane 

and pentafluoro-2-nitro-2- (trifluoromethyl) propyl! nitrite, formed in approximately equal amounts in an over- 
all yield of about 90%, 


In this case the direction of addition of nitro and nitrite groups was again established by conversion of the 
pentafluoro nitrite into trifluoro -2-nitro-2-(trifluorome thyl)propionic acid and 
its derivatives; 
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CFs CFs; 
\C—COOH 
C—CF,— ONO + | 
7 NOs 


4 
CF; NO, CFs 


As in the case of perfluoropropene, in the reaction with perfluoroisobutene the nitro group added at the 
least fluorinated carbon atom. 


It is known that reaction of nitrogen dioxide with the usual olefins at 0° in presence of oxygen and sol- 
vents results in the formation of vicinal dinitroalkanes and nitroalky1 nitrites, which are readily oxidized to ni- 
trates [11-13]. In these reactions with unsymme tical olefins,specific orientation of the attack of nitrogen diox - 
ide monomer particles is observed and it results in the formation of nitro nitrites in which the nitro group is al- 
ways attached to the carbon atom having the highest electron density. In the investigation of the nitration prod- 
ucts from unsymmetrical fluoroolefins we showed that in the fully fluorinated 2-nitroalky! nitrites the nitro group 
adds at the least fluorinated carbon atom in the position of highest electron density. In the addition of NO, and 
ONO to unsubstituted propene or isobutene, the primary act is the addition of NO, at the position of highest elec - 
tron density. The radical formed (1), owing to the conjugation of the unpaired electron with the electrons of 


five C—H bonds is more stable than the radical (2), in which the unpaired electron is conjugated only with one 
bond; 


H H 
| | 
H — C — CH —C —NO, 


In this case, of course, radical (1) is formed, and as a result of recombination with other particles it gives 
addition products of the type: 


H,C — CH (X) — CH, — NOz, 
where X = NOzg, ONO, NO. 


The extension of concepts of bond conjugation in ordinary olefins to perfluoroolefins requires some discus- 
sion. 


It is probable that, in the case of perfluoropropene and perfluoroisobutene, owing to the displacement of 
the electron pairs forming C—F bonds in the direction of the fluorine atoms, the conjugation of the free electron 
with the electrons of thesc o-bonds in the B -position is less readily realized: 


H H 


H? c-“c—c—no, 


Owing to the closeness of the values of the covalent radii of fluorine and carbon, the maximum coordination of 
the unpaired electron in the intermediately formed radical occurs in the difluoromethylene group CF,, which, in 
this case, can probably be regarded as a five -electron system. As a result of this peculiar conjugation of the 
two radicals that are probably formed during the attack of an unsymmetrical perfluoroolefin by nitrogen dioxide, 
(1) will be the more stable, not (2), in which the probability of such conjugation is lower: 
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Conjugation of the free electron in the intermediate radical (II), which arises by the action of NO, on per- 
fluoroisobutene, is very difficult, whereas it is readily realized in the radical (I); 


CFs F 


— NO, (2a) 
CFs 


Also, in perfluoropropene and perfluoroisobutene, as a result of the conjugation of the fluorine atoms of the 
trifluoromethy1 groups, polarization is in a direction opposite to that in the corresponding unsubstituted olefins: 


F o+ O- Ge 
CFs 3- a- 
3 
H,C—CH=CH, CF,“ 


Nitrogen dioxide is an electrophilic agent, and its dipole moment varies with the temperature from 0.3 to 0.58 D 
[14]; it therefore tends to add to the double bond at the carbon having the highest electron density. Such addi- 
tion will give an intermediate radical of type (I). In our case the fact that nitrogen dioxide adds to the fluoro- 
methylidyne of perfluoropropene and to the carbon atom not attached to fluorine in perfluoroisobutene is the re - 
sult, on the one hand, of the high stability of the radicals formed and, on the other, of the electrophilic charac - 
ter of the nitrogen dioxide molecule and the polarity of the perfluoroolefins. 


Investigation of the nitration of chlorofluoroolefins, namely chlorotrifluoroethylene, 1,2-dichlorodifluoro- 
ethylene, and 1,1-dichlorodifluoroethylene, revealed some peculiar features of this reaction, considered in rela- 
tion to the corresponding reaction of fully fluorinated olefins, 


Nitration of chlorofluoroolefins with nitrogen dioxide gives stable dinitro compounds and the corresponding 
nitro nitrites, which are much less stable than fully fluorinated 2-nitroalky! nitrites. The stability of the RO-NO 
bond in the nitrites formed is found to be too low for them to be isolated in the individual state. Elimination of 


NO from a nitro nitrite results in the formation of a substituted alkoxy radical, e.g., NO,CF,CC1,0, which stabil- 
izes itself by liberation of atomic chlorine: 


NO,CF,CC1,0 + NO.CF —C +Cl 
cl 


The NO and atomic chlorine combine to form a molecule of nitrosy! chloride, which then reacts with the origi - 
nal chlorofluoroolefin with formation of chlorination, nitrosation, and nitration products. 


The addition of nitrogen dioxide to chlorotrifluoroethylene proceeds smoothly in tetrachloroethane and 
other solvents at room temperature (in absence of solvent the reaction is explosive), The following substances 
were isolated from the reaction mixture; chlorotrifluoro-1,2-dinitroethane, 1,2-dichloro-1,1,2-trifluoro-2-nitro - 


soethane, 1,2-dichloro-1,1,2-trifluoroethane, difluoronitroacetal fluoride, and high-boiling telomerization prod- 
ucts: 


NO,CF; — CFCINO, 
CF; = CFCl Oo 


a 
|NO,CF,;— CFCIONO]— NO.CF, — C + CINO 


NO,CF,COOH F 


| 
C—C. (fa) 
| 
CF, NO.F 
V3 2 
< 


CINO + CICF = CF, CF,Cl — CFCINO 
CF,Cl — CFCINO, 
CF.C] — 


As already stated, fully fluorinated 2-nitroalky] nitrites are stable compounds, Whereas ordinary nitroalky] 
nitrites react with water and alcohols with formation of nitro alcohols, fully fluorinated nitroalky! nitrites, treated 
with the same reagents, undergo more complex changes associated with the presence of fluorine in the molecule, 
Fully fluorinated 2-nitroalkyl nitrites are hydrolyzed to fully fluorinated a -nitro carboxylic acids, which are more 
stable than ordinary a-nitro acids and are not decarboxylated even by distillation under ordinary pressure; thus 


by repeated distillation, it is possible to obtain anhydrous difluoronitroacetic acid, which forms hygroscopic clear 
colorless crystals, m.p. 37° [9]. 


The readiness with which nitroacetic acid is decarboxy lated is probably due to the fixation of a proton by 
an oxygen of the nitro group, the electron density of which is considerably increased by conjugation. Such con- 
jugation, of course, is almost absent in difluoronitroacetic acid owing to the electron-attracting effect of fluorine 
atoms, this being the explanation of the stability of fully fluorinated a -nitro carboxylic acids. 


F 
) 0° 
) 


F 


SN=CH, + CO, 


Hydrolysis of hexafluoro-2-nitropropy1 nitrite and of pentafluoro-2-nitro-2-(trifluorome thy1)propy1 nitrite 
with the calculated amounts of water gives tetrafluoro-2-nitropropionic and trifluoro -2-nitro-2-(trifluorome thy 1) - 


propionic acids, respectively. These acids also are found to be stable compounds (readily distilled at ordinary 
pressures), 


Tetrafluoro-2-nitropropionic acid was converted into several esters by esterification in the usual way; 
these esters can be hydrolyzed back to the original tetrafluoro-2-nitropropionic acid. Difluoronitroacetic esters 
are also readily prepared by the action of alcohols on the anhydride or acid chloride, but it was found that the 
most convenient way of preparing these esters is direct reaction between tetrafluoro-2-nitroethy! nitrite and al- 
cohols, This new method was extended to other fully fluorinated nitroalky! nitrites, 


In unsubstituted alkyl] nitrites the most labile link is the RO—NO bond [15]. The energy required for the 
rupture of this bond is about 20 kcal/mole less than that required for the rupture of the R-ONO or R—NO, bond[13]. 


R D(R-NO,) D(R-ONO) D(RO—NO) 
(kcal/mole) (kcal/mole) (kcal/mole) 


Methyl 53.7 56.2 38.9 

Ethyl 56,1 57.8 38.4 
n-Propyl 59.7 61.0 39.6 
n- Butyl 61.0 37 


The possibility of preparing fully fluorinated 2-nitroalky! nitrites in the gas phase at high temperature 
(which has been shown in the present investigation) indicates that the O,NRO—NO bond is of comparatively high 
stability in these compounds, However, as in alkyl nitrites, this bond is weaker than the others (R-ONO or R~NO,) 
in the nitrous ester molecule. Confirmation of this is found in the fact that the NO ion of mass number 30 gives 
the greatest intensity in the mass spectrum of tetrafluoro-2-nitroethy! nitrite. 


Heterolytic dissociation of tetrafluoro-2-nitroethy! nitrite can occur with formation of a nitrosyl cation. 
Correspondingly, the hydrolysis of the nitrous ester, which proceeds rapidly with evolution of heat, can be repre - 
sented as a series of successive reactions that include initial elimination of an NO* ion: 
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O,N — CF, — CF, — O— N = 0 + HOH - [0,N — CF, — CF, — OH] + HONO 


4 
O,NCF,CF,0H -+ NO,CF; — C 


+ HF 


F 
HOH 
O,NCF,COF ———- O,NCF,COOH -+ HF 


The formation of esters by the reaction of fully fluorinated 2-nitroalkyl nitrites with alcohols proceeds 
similarly: 


O,NCF,CF,ONO + ROH — O,NCF,CF,0H RONO 
ROH 
O,NCF,CF,0H O,NCF,COF + HF ——— O,NCF,COOR + HF. 


The reactions of tetrafluoro-2-nitroethy] nitrite with acids are very similar to this in type, which is an in- 
direct proof of the correctness of the proposed reaction mechanism. 


When it reacts with strong acids, such as sulfuric or chlorosulfonic acid, tetrafluoro-2-nitroethy] nitrite is 
converted quantitatively into difluoronitroacetyl fluoride. Reaction proceeds, as in the case of hydrolysis, with 
elimination of NO, which is then replaced by hydrogen from the acid: 


O,NCF,CF,ONO + H,SO, [0,.NCF,CF,0H] -+- NOOSO;H 


O.NCF, —C 
F 


The resulting tetrafluoro-2-nitroethanol spontaneously loses hydrogen fluoride with formation of difluoro- 
nitroace ty] fluoride. Only the acid fluoride is obtained because the necessary elements for hydrolysis to difluoro- 
nitroacetic acid are not present in the reaction medium, With weaker acids the formation of the acid fluoride 
from the nitro nitrite occurs in lower yield; with acetic acid the reaction does not occur at all. 


As would be expected, the pyrolysis of fully fluorinated 2-nitroalky] nitrites proceeds by a homolytic 
mechanism, When tetrafluoro-2-nitroethyl nitrite vapor is heated to 250°, the weakest bond breaks with forma - 
tion of NO and O,NCF,CF,O radicals; 


O.NCF,CF,0 — NO 4 O,NCF,CF,0° + NO 


The radical O,NCF,CF,0 may lose carbonyl fluoride and be converted into another radical, asin the photooxida- 
tion of perfluorohydrocarbons; or it may be stabilized by the elimination of a fluorine atom, which, by combining 
with NO, forms nitrosyl fluoride. As a result of such stabilization the radical O,NCF,CF,O is converted into di- 

fluoronitroacety! fluoride: 


Under the pyrolysis conditions the acid fluoride formed is degraded further, In this case, two mechanisms 
can be imagined: direct elimination of nitrosy! fluoride: 


+ FNO+F—C—C—F 
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or elimination of an NO, group as the first of a series of reactions which again lead to the formation of oxalyl 
fluoride. 


Determination of dissociation constants from conductivity measurements on solutions showed that difluoro- 
nitroacetic acid is a stronger acid than trifluoroacetic acid: 


K,NO,CF,COOH = 97 000-10-5; K,CFsCOOH = 50 000-10-* 
KCClsCOOH = 21 000-10-*; K,CHsCOOH =1.8-10-*. 


Hence, replacement of a fluorine atom by a nitro group almost doubles the tendency of the acid to ionize. The 
dissociation constant of tetrafluoro-2-nitropropionic acid is K, = 1875- 10°, 


Examination of the nitration of fluoroolefins and unsubstituted olefins with nitrogen dioxide leads to the 
conviction that the two reactions are chemically similar. In nonpolar solvents and in the gas phase both reac- 
tions proceed by a free-radical mechanism. This is confirmed by the conditions required to bring about these 
reactions and by the formation of cetain main products and by-products which, in the case of the fluoroolefins, 
can be isolated. The analogous products from the nitration of unsubstituted olefins undergo degradation and iso- 
merization (alky] nitrites in the gas phase and nitro nitroso compounds). 


Formation of nitro nitrates in the nitration of olefins is generally attributed to oxidation of the nitro ni- 
trites formed in the first place. The results obtained in the study of the nitration of fluoroolefins indicate the 
possibility of an indirect mechanism for the oxidation of nitro nitrites, namely decomposition into an alkoxy 
radical and nitric oxide followed by combination of the alkoxy radical with NO,: 


R~—O—NO— RO’ + NO 
RO’ + NO, RONO, 


As we have shown in the cases of hexafluoro-2-nitropropy! and pentafluoro-2-nitro -2-(trifluoromethy1)pro- 
pyl nitrites, the direct oxidation of nitro nitrites with gaseous oxygen is an energetically unfavorable reaction 

that is difficult to bring about. The main part played by the addition of oxygen in the nitration of ordinary ole - 
fins (discussed by Levy and Scaife [11]) probably consists in the regeneration of nitrogen dioxide from nitric oxide: 


2NO + 2NO, , 
NO,CHR — CH,0° NO, — CHR — ONOg. 


TABLE 2 


B.p. (°C) 


Formula (p in mm 20 


Found % Calc. % 


O,NCF, — COOH 80 (31) 1.438 1,3670 22.9 8.5 21,5 7.9 
CF, — CF (NO,) COOH 119 1.638 1,3560 39.8 7.3 39.2 7,5 
(CF,)2 C (NO — COOH 151 (40) 42.5 40,5 
CF, CF (NO) CF,ONO; 72—73 1.673 1.3130 43.2 10,5 44.2 10 8 
O,N — CF — CONH, 154 (11) - - 39.5 14.3 40 14.7 
| 

F, — CF (NO,) — COOC,H, 117.5 1.412 1.3470 33.9 6.0 34.6 6.4 

2NCF, — COOCH, 53 (100) 1,379 1.3567 23.8 9.7 24.5 9.0 
O,NCF, — COCI 52 1.508 1.3581 24.3 8.7 23.8 8.8 
(O,NCF,CO),0 63 (35) 1 582 1.3590 28.6 28.8 
O,NCF,CN 27 1.401 1.3229 28.8 24.0 31.0 23.9 
(CF,)3 C (NO3) — COOC,H, 134 1.441 1.3362 40.2 5.2 40.3 4.9 


CF,CF (NO) COCI 37 1.659 1.3502 37.0 6,31 36.3 6.68 
CF,CF (NO,) CON (C;H,)3 149 1.368 1.3715 31.1 11.2 30.9 11.3 
O.N (CF), NO; 110 (18) 1.798 1.3410 50.4 8.5 51.8 9.6 
O,NCF,CF,NO 23—24 1,.505* 1.290° 44.2 1583 44.3 15.9 
O,NCF,COF 15 1.512¢° 1.302°° 39.0 40.0 

CF, — CF (NO,) COF 35 1.544 1.3133 49 7.69 49.2 1.27 
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The mechanism of the formation of nitric esters in the nitration of paraffins can be represented similarly: 


RONO + RO" + NO, 
RO’ + NO, RONO,. 


In the nitration of paraffins in the gas phase at high temperature, stabilization of the alkoxy radical proceeds 
also with liberation of formaldehyde. The new radical formed combines with NO, molecules and a nitro com- 
pound is obtained which contains fewer carbon atoms than the original substance: 
R — CH,O' CH,0 + R’ 
R’ + "NO, R’NOs. 


It will be clear that in the gas-phase nitration of olefins we may again expect the formation of nitration products 
having fewer carbon atoms than the original olefin. 


The alkoxy radical can also react with the olefin, from which it may remove a hydrogen atom and give 
an alcohol: 


O,NCRO + CHR = O,NCROH + ‘CR = 


Reaction of the vinyl radical with the NO, radical gives substitution nitration products and nitro alcohols. Owing 
to the high stability of the C—F bond, encounters between the fully fluorinated nitroalkyl radical and the original 
fluoroolefin do not result in the formation of substitution nitration. The results of the present investigation show 
that important factors determining orientation in the nitration of fluoroolefins are the stability of the intermediate 
radicals and also the polarity of the fluoroolefins and of the radical-like particle NO,. Concepts concerning the 
polarity of radicals, first introduced by Waters [14] and then developed by Kharash [16], Weiss [17], Dolgoplosk 
[18], and others, and study of the role of polarity in free-radical processes undoubtedly deserve attention and are 
in need of further development. 
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SYNTHESIS AND REACTIONS OF VINYL COMPOUNDS OF SILICON i 


COMMUNICATION 3. PREPARATION OF ALKYLCHLOROVINYLSILANES BY REACTION OF 
ACETYLENE WITH CHLOROSILANES CONTAINING SILICON -ATTACHED HYDROGEN, 
AND INVESTIGATION OF SOME OF THEIR PROPERTIES 


M.F. Shostakovsky, D.A. Kochkin and V.L. Vinogradov 


Investigation of the properties of unsaturated organosilicon compounds, in parcticular, the vinyl compounds 
(CH, = CH)nSiRy-p, is of interest owing to their tendency to undergo polymerization and addition reactions. We 
have shown previously that it is possible in principle to prepare trichlorovinylsilane CH, = CHSiCl, and dichloro- 
vinylsilane (CH, = CH),SiC1, by direct synthesis; passage of vinyl chloride over a silicon-copper alloy [1]. Some - 
what later we described the preparation of dichloromethylvinylsilane CHs(CH, = CH) — SiC1, and dichloroethy1- 
vinylsilane C,Hs(CH, = CH) — SiC], by reaction between acetylene and the corresponding alkyldichlorosilanes 
in presence of platinized charcoal, platinized alumina, and palladized alumina [2]. There is also the isolated 
reference by Burkhard and Krieble [3] to the possibility of the addition of chlorosilane to acetylene. Patents 
have been published recently which also indicate the possibility of reaction between acetylene and various halo- 
silanes containing silicon-attached hydrogen in presence of platinum supported by finely divided carbon [4], but 
the yields, the identity of the products, and the reaction conditions are not stated by the author. We considered 
it to be desirable to make a detailed study of the vinylation of alkyldihalosilanes (containing silicon-attached 
hydrogen). The present paper describes the preparation of alkyldichlorovinylsilanes from methy1- and ethyl- 
dichlorosilanes and acetylene under various reaction conditions. 


It was found that the best vinylation conditions obtain in presence of palladium supported by alumina or 
calcium carbonate at 130-170°, Other vinylation catalysts that can be used are nickel, boron trifluoride ether- 
ate, and platinum supported by charcoal, alumina, calcium carbonate, or silica gel. The use of platinized char- 
coal, which ‘: recommended in the patent literature [1], results in a low yield. In this case, vinylation is not 
free from danger: as is well known, charcoal brings about the decomposition of acetylene, As a result, some of 
our reaction mixtures exploded. 


The reactions between acetylene and halosilanes containing silicon-attached hydrogen can be represented 
as follows; 
+ CH == CH RSiX,, when X =haloger Cl, BrI , F 
H CH = CH, 
2. RSiH,X + 2CH = CH — R (CH, = CH), SiX 
XSiHs + 3CH == CH (CH, = CH),SiX 


4. HSiXs + CH == CH — (CH, = CH) SiX, 
5. Sil.X,-+ 2CH = CH (CH, = CH), SiX. 


or, in a general form 


H,Si(R),_, + == (CH, = CH),Si(R),__,, 
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in which R is alkyl, aryl, or halogen and n < 4. : 
We were thus able to prepare various organosilicon compounds containing several vinyl groups. In addition, 
: various telomeric compounds were obtained, Thus, in the vinylation of methyl- and ethy1-dichlorovinylsilanes 
we isolated methyl- and ethy1-butadienyldichlorosilanes CHg(C1l,)SiCH = CH—-CH = CH, and C,H,(Cl,)SiCH = 
= CH-CH = CHy, 2,2,5,5-tetrachloro - 2,5 -disilahexane and 3,3,6,6-tetrachloro- 
3,6-disilaoctane and 2,2,7,7 -tetrachloro -2,7 -disilaoct-3 -ene CHs(C1,)SiCH,CH,CH = 
= CHSi(Cl,)CHy and 3,3,8,8-tetrachloro-3,8~-disiladec-4-ene CHs(Cl,)SiCH,CH,CH = CHSi(Cl,)C,Hs. -The 
formation of these telomeric products can be represented as follows: ne 
Cl Cl Cl Cl 
| | | | 
6. RSICH = CH, + HSiIR RSICHLCH,SIN 
| | | | 
Cl Cl Cl Cl 
cl Cl 
| | _ 
7. RSiCH = CH, + CH = CH-- RSICH = CH — CH == CH, a 
| | 
Cl Cl 
cl Cl Cl Cl 
| | | 
8a) RSiCH = CH — CH = CH, + HSiR— RSiCH,CH,CH = CHSiR pees 


| | 
Cl Cl 


Cl Cl 


Cl Cl cl Cl 


| | | | 
8b) RSiCH = CH — CH = CH; + HSiR + RSiCH, CH = CHCH,SIR. 

| | | 
Cl cl Cl 
9, SiCH,CH,CH = CHSi(Cl,)R + CH == CH 
R(Clz) SiCH,CH,CH = C (SiCI,R)CH = CH, etc. 


| 
Cl 


The structure of butadienyldichloroethylsilane was confirmed by its conversion into buty ltriethylsilane (5): 


Methyl- and ethyl-chlorovinylsilanes and the other compounds referred to above are mobile liquids of 
pungent odor, which fume in air and are readily hydrolyzed by water; they are soluble in ether, benzene, ace - 
tone and other solvents, Methyl- and ethyl-dichlorovinylsilanes can be distilled under atmospheric pressure with- 
out decomposition [2]. Methyl- and ethyl-butyldichlorosilanes, and also the tetrachlorodisilaalkenes, can be dis- 
tilled unchanged only under reduced pressure. When heated, they polymerize with formation of thermoplastic 


resins. The high-boiling residues from the vinylation are thermoplastic solids, probably of very high molecular 
weight. 


The starting materials for the vinylation were methyl- and ethy1-dichlorosilanes, which were obtained by 
direct synthesis [5]; they have now become quite accessible materials for use in synthesis. As starting materials 
we can recommend also various alkylsilanes of structure RpSi(H),-n, in which R is alkyl, aryl, alkoxyl, or aryloxyl, 


and various siloxanes Rept —O-SiR, and silazanes R,Si -NH —SiR,, i.e., compounds containing a mobile hydrogen, = 5 
H H H H Sree 
several of which have been prepared by us [6, 7]. 


EXPERIMENTAL 


1, Vinylation of Dichloromethylsilane. A mixture of 345 g (3 moles) of dichloromethylsilane (b.p, 41.5°; 
az 1.1047), and 1 g of palladized alumina (0.5% Pd) was prepared in a one-liter autoclave, and 60 liters of acet- 
ylene* was passed in, With constant turning the autoclave was heated to 130-170° and kept at that temperature 


* Gaseous acetylene is dissolved to a considerable extent by alkyldichlorosilanes, and this makes it possible to 
introduce the necessary amount of acetylene. 
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for one and a half to two hours. The start of the reaction was marked by a fall in pressure in the autoclave. 
The reaction products were fractionated through a column having a metal filling (20 theoretical plates). The 
following compounds were isolated: 1) 69.0 g (20% by weight) of unchanged dichloromethylsilane; 2) 101.9 g 
(30.0%) of dichloromethylvinylsilane, b.p. 91° (742 mm); nb 1.4270; d?* 1.0868; found MR 33.33; calculated 
CsHgSiCl, MR 33.70 [2]; 3) 18.0 g of butadienyldichloromethylsilane CHs(C1,)SiCH = CHCH = CH; b.p. 43- 
45.5° (11.0-11.5 mm); nf§ 1.444; d%° 1.0917; found MR 41.77, calculated for CgHgSiCl, MR 41.82. 


Found % C 35,12; 35.56; H 4.98; 4.91; Cl 42.01; 42.42; Si 16.90; 
Calculated % C 35.93; H 4.82; C1 42,44; Si 16,81. 


4) 49.8 g of 2,2,5,5-tetrachloro-2,5-disilahexane CH,(Cl,)SiCH,CH,Si(Cl,)CHs, b.p. 72-73.5° (9.0 mm); 
1.4760; 1.2628; found MR 57.1; calculated for CgHySigCl, MR 56.95. 


Found % C 19,15; 19.20; H 3.85, 3.73; C1 54.48, 54.63; Si 21.89, 21.93. CgHySi,Ck. 
Calculated % C 18.74; H3.90; C155.47; Si 21.87. 


5) 22.6 g of 2,2,7,7-tetrachloro -2,7 -disilaoct-3 -ene CH,(C1l,)SiCH,CH,CH = CHSi(C1,)CHs; b.p. 95° (16 
mm); 100° (16.5 mm); nf 1.4765; dj? 1.1954; found MR 65.74; calculated for CgHy,SizCl, MR 66.76. 


Found %: C 25,12, 25.20; H 4.35, 4.35; C1 50.20, 50.75; Si 19.92; 
Calculated % C 25.52; H 4.64; C150.2; Si 19.92, 


6) 60.0 g (17.7% by weight) of high -boiling products (viscous resins that softens with heat). 

2, Vinylation of dichloroethylsilane. a) In presence of pindime alumina, Reaction was between 344.0 g 
of dichloroethylsilane (b.p. 74-76° (756 mm); nh 1.4129; dg 1.0849) and 65.5 liters of acetylene in presence 
of 1.5 g of palladized alumina (0.5% Pd), The conditions were as described above. Fractionation gave the fol- 
lowing compounds; 1) 112.6 g of dichloroethylsilane; 2) 91.0 g (33.0% on the amount of dichloroethylsilane 
that reacted) of dichloroethylvinylsilane, b.p. 118,5-119.5° (756 mm); nf§ 1.4385; d?° 1.0664; found MR 38.22; 


calculated MR 38.89 [2]; 3) 21 g C,Hs(Cl,)SiCH = CH—CH = CH; b.p. 47.0° (4.5 mm), 62 (11 mm), 65° (11.5 
mm); nf} 1.4784; dj° 1.0783; found MR 47.16; calculated for CgHySiCl, MR 46.46. 


Found %, C 39.45, 39.49; H 5.76, 5.64; C138.79, 38.64; Si 16.17, 16.39. CgHySiCl,. 
Calculated % C 39.77; H 5.57; C139.1; Si 15,52. 


4) 35.02 g of 3,3,6,6-tetrachloro -3,6-disilaoctane CyHs(C1,)SiCH,CH,Si(Cl,)C,Hs, b.p. 249-250° (754 mm); 
101-102° (8 mm); nj} 1.4740; dj° 1.187. The literature gives: b.p. 249° (750 mm); nf§ 1.4742; dos 1.192 [3); 

5) 32.0 g of C,Hs(Cl,) b.p. 119-121° (8.0 

mm); nfy 1.4869; dg’ 1.1910; Found MR 75.05; calculated for CgHygSigCl, MR 75.00, 


Found % C 30.51, 30.39; H 5,14, 5.29; Cl 44.73, 45.05; Si 18.07, 18.12.CgHygSi,Cly. 
Calculated %; C 30.97; H 5.10; C145.70; Si 18,10. 


6) 40.0 g of high-boiling products (viscous resin that softens with heat). 
b) In presence of palladized calcium carbonate. Reaction was between 345.0 g of dichloroethylsilane and 


58.0 liters of acetylene in presence of 1.55 g of palladized calcium carbonate (0.5% Pd). The conditions were as 
described above. Fractionation gave: 1) 100.0 g of dichloroethylsilane; 2) 101.1 g (34.2%) of dichloroethy lviay1- 
silane, b.p. 118,5-119.5° (756 mm); nf} 1.4385; d%° 1.0664; 3) 28.9 g of butadienyldichloroethylsilane, b.p. 

74° (22 mm); nf} 1.4782; dj° 1.0790; 4) 48.9 g of 3,3,6,6-tetrachloro-3,6-disilaoctane; 5) 42.0 g of 3,3,8,8- 
tetrachloro-3,8-disiladec-4-ene C,H,(Cl,)SiCH,CH,CH = CHSi(C1,)C,Hs; b.p. 120° (8.5 mm); nf} 1.4855; d? 
1.1910; and 6) 65.0 g of high-boiling products. 


3. Ethy lation of C,H(Cl,)SiCH = CH—CH = CH3. Butadienyldichloroethylsilane (18.0 g, i.e., 0.1 mole), 


as a solution in 20 ml of ether, was hydrogenated at room temperature over Raney nickel until hydrogen ceased 
to be absorbed. About 4.3 liters of hydrogen was absorbed (theoretical amount 4.48 liters). The reaction products 
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were vacuum -fractionated, and 9.6 g of butyldichloroethylsilane was isolated and was ethylated with excess of 
ethylmagnesium bromide in ether. The reaction mixture was treated with water, and the ether layer was sepa - 
rated and dried over potassium carbonate, Fractionation gave 4.5 g of a substance of b.p. 189.0° (748 mm); ni 
1.4330; dj° 0.7750, which corresponded to butyltriethylsilane. For CygH,,Si the literature gives: .p. 190.5- 
191.5° (760 mm); 1.4322; 0.7742 


The method given here is suitable for the vinylation of halosilanes of structure HpSiX,-p, €.g., HSiCl,, 
H,SiC1,, HSiC],. 


SUMMARY 


1, The vinylation of alkyl (or aryl) halosilanes by treatment with acetylene was investigated. 


2. Apart from methyl- and ethy1l-dichlorovinylsilanes [2], the following compounds were isolated from the 
reaction products: methyl- and ethyl-butadienyldichlorosilanes, 2,2,5,5 -tetrachloro-2,5-disilahexane and 3,3,6,6- 


tetrachloro-3,6-disilaoctane, and also 2,2,7,7-tetrachloro-2,7-disilaoct-3-ene and 3,3,8,8-tetrachloro -3,8 -disila- 
dec-4-ene, 


3. Catalysts of the platinum -palladium group (metals, acids, and salts) are effective in the vinylation reac - 
tion, 


4. Vinylation can be carried out batchwise in an autoclave or continuously in an apparatus similar to that 
used for the vinylation of alcohols. 
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INVESTIGATION OF LACTONES AND LACTAMS 


COMMUNICATION 9. SYNTHESIS OF N-VINYL LACTAMS 
AND SOME OF THEIR PROPERTIES 


M.F. Shostakovsky, F.P. 


Sidelkovskaya and M.G. Zelenskaya 


Much attention has recently been given in the literature to the synthesis and polymerization of nitrogen- 
containing vinyl compounds. Among the methods of preparing these, that proposed by Favorsky and Shostakovsky 
(direct vinylation, carried out in the first place on alcohols and phenols [1]) is of considerable importance. The 
further development of this reaction led to the synthesis of many valuable coinpounds and forms an example of 
the joint effect of Russian (Favorsky) and foreign (Reppe) work on the successful development of an important 
field of organic chemistry. 


an Among vinyl compounds in which there is a nitrogen-attached vinyl group, N-vinyl lactams occupy a spe - ce f 
cial place: 
CH. = CH —N—CO 
(CHe),., 


i.e., 1-vinyl-2-pyrrolidinone (n = 3), 1-vinyl-2-piperidone (n = 4),* and 2-oxo-1-vinylhexamethyleneimine 
[N-vinylcaprolactam] (n = 5). These substances can be obtained by reaction be tween acetylene and the corres- 
ponding lactams: 


CH = CH + H— N——CO-— CH, = CH — N—— CO 


(1) 
(CH), (CH.),, 


We previously described the synthesis of N-vinylcaprolactam from acetylene and caprolactam; the reac- 
tion was carried out in a solvent (toluene, butyl vinyl ether, gasoline), and the potassium or sodium salt of the 
lactam was used as catalyst [3,4]. In foreign literature we meet mainly N-vinyl-2-pyrrolidinone, because its 
polymers find extensive application in medicine, cosmetics, the textile industry, and other fields [5,6]. There 
is also a brief reference to the synthesis of 1-vinyl-2-piperidone [7]. 1-Vinyl-2-pyrrolidinone is generally pre - 
pared by the vinylation of 2-pyrrolidinone, but only very general information is available on how this reaction 
is carried out, It has been recently proposed to synthesize N-vinyl-2-pyrrolidone from butyrolactam and 2- 
aminoethanol [8]: 


soc} 
| = | | 
CO 


N 
CH.CH,O 


| 
CO 

CH,CH.Cl 


> 


*Preceding eight communications, see [2-4, 10, 12, i3, 15]. 
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The second method is of less interest, for there are more stages and intermediate products. According to patents 
[5], the vinylation of 2-pyrrolidinone has been carried out both in presence and in absence of solvents; hydrox- 
ides, alkoxides, and metai derivatives of lactams have been recommended as catalysts, Of the chemical prop- 

erties of 1-vinyl-2-pyrrolidinone, only its polymerization has been described ‘n the literature. 


We here describe a detailed investigation of the vinylation of lactams and some reactions of the resulting 
N-vinyl lactams, The experiments were carried out with pyrrolidinone and piperidine. The caprolactam used 
was the commercial product. 2-Piperidone was prepared by the Laboratory for Heteroorganic Synthesis and made 
available for our use.* For the preparation of 1-viny!-2-pyrrolidone the necessary pyrrolidone was synthesized 
by the condensation of butyrolactone with ammonia according to Spath's method [17]. It was shown that the 
choice of catalysts and solvents is of great importance for the successful performance of the vinylation reaction. 


As will be seen from Table 1, alkali-metal derivatives of lactams are general and highly effective cata - 
lysts for the vinylation of lactams, These are readily prepared by direct reaction between the lactam and sodium 
or potassium (Equation IIla); potassium is less suitable owing to its tendency to catch fire. 


N—CO 
| +H 
HN—— CO 


Dn 
(CH 


The yield of vinylation product is almost the same for the two alkali-metal derivatives and varies in dif- 
ferent cases from 50 to 70%, 


It was of interest also to determine whether catalysts such as KOH can be used for the synthesis of N-vinyl 
lactams, for these are the most widely used catalysts in reactions of this sort. In previous papers (3, 4] it was 
stated that it was not found possible to synthesize N-vinylcaprolactam in presence of potassium hydroxide. De- 
tailed investigation showed that the water liberated in the reaction of KOH with caprolactam has an unfavorable 
effect on the vinylation process, The presence of water either favors the decomposition of the lactam salt (Equa- 
tion IIIb) at the temperature of the reaction, or it has a direct effect on the normal course of the reaction, In 
this case, therefore, the usual method, in which KOH and the compound to be vinylated are loaded together into 
the autoclave, cannot be used. It is necessary first to heat the lactam with KOH and remove the water formed; 
only then can the mixture be used as a catalyst. Removal of water was effected by azeotropic distillation, for 
which benzene, toluene, etc, can be used; removal of water with the vapor of the original lactam was found to 
be more effective. It should be noted that even this method does not give the same result for all lactams. The 
highest yield of N-vinyl lactam obtained with catalyst prepared from KOH was attained in the case of 1-vinyl- 
2-pyrrolidinone, and the lowest in the case of 1-vinyl-2-piperidone (Table 1). 


Another very important question is the choice of solvent for the vinylation medium. As already stated [4], 
the vinylation of N-vinylcaprolactam was carried out in media of toluene, butyl vinyl ether, gasoline, and butyl 
alcohol. A drawback of these solvents is their low solvent power for acetylene, so that it is necessary to intro- 
duce several fresh portions of acetylene until absorption is complete. Shostakovsky, Prilezhaeva and Tsymbal 
(9] have recently suggested the use of dioxane for the vinylation of methyl a-glucoside; this is a good solvent 
for acetylene and it is therefore possible to carry out the reaction in presence of excess of acetylene. Our ex- 
periments showed that in the vinylation of lactams the use of dioxane again makes repeated introduction of 


acetylene unnecessary and considerably accelerates the process, The vinylation of 0.7-0.9 mole of lactam re- 
quires 10-12 hours instead of the usual 24-25 hours. 


With the exception of 1-vinyl-2-pyrrolidinone, the N-vinyl lactams obtained are low -melting crysta lline 
solids; they are hygroscopic and soluble in water (1-vinyl-2-pyrrolidinone is the most soluble, and N-vinylcap- 
rolactam is the least), Qualitative reactions given by these compounds are: 1) slow appearance of a lilac color- 
ation with Schiff's reagent; and 2) the formation of iodoform by the action of alkali and iodine. The second re- 
action is used not only qualitatively, but also for the quantitative analysis of N-vinyl lactam [10]. 


*We express our thanks to R.Kh. Freidlina for providing us with 2-piperidone. 
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TABLE 1 


Effect of the Method of Preparing the Catalyst on the Yield of N-Vinyl Lactam 


N-Vinyl lactam Yield of N- vinyl lactam (%) 
catalyst pre-| catalyst prepared by heating 
pared from lactam with KOH 
lactam and water removed|water removed 
Na by distillation |by distillation 
with original jwith toluene 
lactam 


1-Viny1-2-pyrrolidi - 
none 

N-Viny lcaprolactam 

1-Viny1-2-piperidone 


N-vinyl lactams are highly reactive substances and can take part both in ionic reactions and also in free - 
radical reactions. Comparison of the properties of N-vinyl lactams with those of vinyl ethers, which were studied 
in detail by Shostakovsky and co-workers [11], shows that N-viny] lactams are less readily activated by ionic 
agents [12, 13], but react more readily by a free radical mechanism. When they react with water in presence of 
acids they are hydrolyzed with formation of acetaldehyde and the unsubstituted lactam [12]; 


H+ 
CH, = CH — N— CO + HOH ——-CH,CHO -+- HN—CO 
(CHp),, (CH), 


With respect to rate of hydrolysis the N-vinyl lactams may be arranged in the following order: 
N- Mnyleaprolactam > 1-vinyl-2-pyrrolidinone > 1-vinyl-2-piperidone 


Taking N-vinylcaprolactam as our example, we showed that, in presence of acid catalysts, alcohols add to 


N-vinyl lactams with formation of N-(1-alkoxyethyl) lactams in low yield [13]. This reaction proceeds much 
less readily than in the case of vinyl ethers_ 


The polymerization of N-vinyl lactams is of special interest. The resulting polymers are soluble not only 
in most organic solvents, but also in water. In the last case colloidal solutions are formed, The literature des- 
cribes the mass polymerization of 1-viny1l-2-pyrrolidinone [6] and of 1-vinyl-2-piperidone and N-vinylcaprolac- 


tam [3, 4, 14] in presence of hydrogen peroxide. In the case of 1-vinyl-2-pyrrolidinone, polymerization in aque - 
ous solutions has also been studied [6]. 


In the present investigation some comparative experiments on the polymerization of 1-viny1-2-pyrrolidi- 
none and N-vinylcaprolactam in an aqueous medium were carried out (Table 5), It will be seen from Table 5 
that 1-vinyl-2-pyrrolidinone polymerizes more readily than N-vinylcaprolactam. Thus, in Experiment 1, the 
yield of poly(vinylpyrrolidinone) was 92%, whereas the polymerization of N-vinylcaprolactam with the same 
amount of initiator and for the same time (Experiment 4) gave only 45% of polymer. Moreover, as already shown, 


active polymerization of N-vinylcaprolactam proceeds only above 100° (for 1-viny1-2-pyrrolidinone,50-60° is 
adequate); at lower temperatures hydrolysis occurs [15]. 


Further investigation showed that N-vinyl lactams do not form polymers in presence of benzoy] peroxide 
at 50-60° (the most characteristic temperature for this initiator), but polymerize readily in presence of free - 
radical catalysts of the type of 2,2' -azobis[2-methy propionitrile] (Table 2), Breitenbach and Schmidt [16] 
give some kinetic data on the polymerization of 1-vinyl-2-pyrrolidinone in presence of this initiator, but the 
information given is incomplete; thus, there are no indications of the yields of polymer. 


For the case of 1-vinyl-2-pyrrolidinone we showed that reduction in the amount of the azo nitrile results 
in increase in the relative viscosity of the polymer formed (Table 6). N-Vinyl lactams undergo not only homo- 


polymerization, but also copolymerization with other unsaturated compounds (methyl methacrylate, vinyl] sulfides, 
and alkyl vinyl ethers), 


“is 
No. 
1 60 52 33 
2 70 24 9 
3 50 | 12 5 
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TABLE 2 


Polymerization of N-Viny!l Lactams in Presence of 2,2°-Azobis[2-methy propionitrile] 
(0.2% on weight of monomer) 


N-Vinyl lactam Temper- | Duration | Yield of Relative vis- 
ature (°C) | (hours) polymer cosity (3% 
(%) aqueous solu- 
tion) 
1-Viny1-2-pyrrolidinone 
N-Vinylcaprolactam 
1-Viny1-2-piperidone 


EXPERIMENTAL 


1, Synthesis of 2-pyrrolidinone. A mixture of 258 g (3 moles) of butyrolactone and 180 m1 (5 moles) of 
liquid ammonia was prepared in a 2,5-liter rotating steel autoclave and heated at 200-220° for 15 hours (maxi- 
mum pressure 40-50 atmos), Unchanged ammonia was absorbed with water. The mixture was distilled at 60-80 
mm to remove ammonia and water present (50 g of water was separated), The residue was distilled at a still 
lower pressure; this gave 221.0 g (87.7%) of 2-pyrrolidinone, b.p. 120-124° (10.5-11 mm), and 20.5 g of resin- 


ous residue, When cool the pyrrolidinone formed clear crystals, m.p. 22-24°. The literature [17] gives b.p. 
100-105° (1 mm) and m.p. 23 -24°. 


Viny lation of Lactams 
1, Preparation of Catalyst 


a) From lactams and potassium hydroxide. A solution of 20 g of the lactam in 40 ml of toluene and 5-7 g 
of potassium hydroxide powder were mixed in a flask fitted with a column and heated in an oil bath in such a way 
that an azeotropic mixture of toluene and water distilled off slowly. Heating was for four to five hours and the 
bath temperature was 110-160°. In those cases in which water was driven over with the lactam, 60 g of the lac- 


tam and 5-7 g of KOH were placed in the distillation flask and 40-45 g of lactam was distilled off under reduced 
pressure (20-25 mm). 


b) From lactam and sodium. Dry dioxane (35 ml) was added to a stable emulsion of sodium prepared by 
dispersing the metal (2-2.5 g) in xylene (10 ml) in presence of a stabilizer. The lactam (20 g) was then added 
dropwise with stirring; reaction was exothermic and was complete in three to four minutes. 


2. Vinylation 


The catalyst obtained by (a) or (b), 80 g of the lactam, and 100 ml of dry dioxane were placed in a 2.5- 
liter autoclave, and under a pressure of 17-18 atmos,17-18 liters of acetylene (approximately a threefold excess) 
was passed in. The mixture was heated for ten hours (at 110-125° for N-vinylcaprolactam and at 150-160° for 
1-viny1-2-pyrrolidinone and 1-vinyl-2-piperidone), The reaction product was extracted with dry ether (about 
1 liter), solvent was removed from the ether extracts, and the residue was vacuum-distilled. The vinylation of 
lactams was carried out also in a toluene medium (the yields were substantially the same). In this case the pro- 
cedure differed in that generally not more than 8-9 liters of acetylene was passed into the autoclave containing 
catalyst, lactam, and solvent,the mixture was heated until absorption was complete and then cooled, and acety1- 
ene was again passed in and the mixture was again heated. This procedure was continued until no further appre - 


ciable absorption of acetylene occurred. The constants of the N-vinyl lactams obtained are given in Table 3; 
the yields are given in Table 1. 


Hydrolysis of N-Vinyl Lactams 


Hydrolysis was carried out in presence of sulfuric acid. The reaction conditions required for N-vinylcapro- 
lactam and 1-vinyl-2-pyrrolidinone were studied previously [10]. We now give data on the hydrolysis of 1-vinyl- 
2-piperidone. A weighed amount of 1-vinyl-2-piperidone (0,1-0.2 g), 20 ml of sulfuric acid of the required con- 
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centration, and 25 ml of 0.2 N sodium bisulfite solu- 
tion were placed in a conical flask fitted with a 
ground stopper, and the mixture was kept in a thermo- 
stat for a definite period of time. The unchanged 
sodium bisulfite was titrated with 0.1 N iodine. A 
control experiment was carried out under analogous 
conditions, The results are given in Table 4, 


Polymerization of 1- Viny1l-2-pyrrolidi- 


none and N-Vinylcaprolactam in Aque- 
ous Solutions 


A 33% aqueous solution of the N-vinyl lactam, 
the required amount of hydrogen peroxide, and aque - 
ous ammonia were placed in a flask fitted with a 
stirrer. The reaction mixture was heated in a water 
bath. When the mixture was cooled, water was dis- 
tilled off under reduced pressure (30-40 mm) and the 
polymer was reprecipitated with ether from alcoholic 
solution and vacuum -dried to constant weight, The 
results are given in Table 5. 


Polymerization of N-Vinyl Lactams in 
Presence of 2,2’ Azobis[2-methylpro- 
pionitrile]} 


We shall describe a typical experiment. An 
ampoule containing 4.75 g of freshly distilled 1-viny1- 
2-pyrrolidinone and 0.0478 g of the dinitrile was 
placed in a thermostat at 79-81° and kept there for 
24 hours, The resulting polymer was dissolved in 6 ml 
of dry ethanol, precipitated with 50 ml of dry ether, 
separated from solvents, washed four times with ether, 
and vacuum -dried to constant weight; yield 56.3%; 
relative viscosity of a 3% aqueous solution at 25°, 2,419. 
From the ether-alcohol solution remaining after the 
separation of polymer, 1.45 g of monomer and 0,28 g 
of resinous residue were isolated. The other polymer- 
ization experiments were carried out similarly. The 
results are given in Table 6. 


Copolymerization of 1-Viny1-2-piperi - 
done with Methyl Methacrylate 


Copolymerization was for 36 hours at 60° in 
presence of 0.2% of 2,2'-azobis[{2-methy lpropionitrile]; 
the mixtures were heated in ampoules. The copolymers 
which were solids, were precipitated twice from ben- 
zene solution (15 ml) with petroleum ether (150 ml) 
The main results are given in Table 7. 


SUMMARY 


1. The vinylation of lactams was studied, the 
examples taken being the vinylation of 2-pyrrolidinone, 
2-piperidone, and caprolactam. Alkali-metal salts of 
the lactams were used as catalysts. It was found that 
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TABLE 4 


Results of the Quantitative Determination of 1-Vinyl-2-Piperidone by the Hy- 
drolysis Method (titration of sodium bisulfite) 


Concentration {Hydrolysis conditions 


Experiment 
No. 


1-viny1l-2-pi- 


TABLE 5 


Polymerization of 33% Aqueous Solutions of N-Vinyl Lactams (initiator H,O,, activator NHs (0.3% on monomer 
taken) ) 


Duration of| Yield of 
reaction 
(hours) 


Relative vis- 
cosity of 3% 

aqueous solu- 
tions at 25° 


Amount of | Amount of | Reaction 
monomer | H,O, (% on| tempera - 
taken (g) | monomer) 


N-Vinyl lactam 


50-60 


q 1-Viny1-2-pyrrolidinone 
50-60 
= 50-60 
N-Viny lcaprolactam 101-102* 
99-101¢ 
101-102 


*In these experiments the temperatures of the reaction mixtures were nearly the same, but the temperatures in 
the external baths varied by 25° (127-130° in Experiment 5 and 153-155° in Experiments 4 and 6). 


TABLE 6 


Polymerization of 1-Vinyl-2-pyrrolidinone (Catalyst 2,2'-azobis[2-methyl- 
propionitrile], temperature 80°, duration 24 hours) 


Amount of Yield of 
catalyst (% on| polymer (%) 
monomer 
taken) 


Relative viscos - 
ity of 3% solu- 
tion of polymer 


Amount of 


polymer 
isolated (%) 


Experiment 
No. 


of H,SO, (%) temperature | duration peridone found 
5 92,1 2.811 & 
2 17.2 2.431 ‘ae 
3 95 1.582 
6 45.5 1.400 Bs 
6 50.0 1.465 hate 
6 40.0 1.322 
ie 1 1 56.3 31.4 2.419 ieee 
2 0.2 45.9 40.8 2.570 
3 0.1 48.7 41.3 3.001 
4 0.05 46.6 45.8 3.194 
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TABLE 7 
Results of the Copolymerization of 1-Viny1-2-piperidone (VP) with Methyl Methacrylate (MM) 


Amount taken (moles %) Yield (%) Relative vis- | Nitrogen con- |Number of monomer units (moles%) 
vP MM tent of co- 


*The relative viscosity was measured at 20° on solutions containing 1 g of polymer in 100 ml of benzene. 


the most convenient method of preparing these salts is direct reaction between the lactams and alkali metals. It 
was shown that water has an unfavorable effect on the course of the vinylation. 


2. It was shown that, like other N-vinyl lactams, 1-vinyl-2-piperidone is hydrolyzed in an acid medium; 
optimum hydrolysis conditions were determined, 


3. The polymerization of N-vinyl lactams was carried out in presence of 2,2'-azobis{2-methy propionitrile], 
and also in presence of hydrogen peroxide in aqueous solution. The copolymerization of 1-vinyl-2-piperidone 
with methyl methacrylate was carried out. 
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COPOLYMERIZATION OF BUTADIENE WITH VINYL FORMATE 


S.N. Ushakov and S.S. Ivanov 


The copolymerization of butadiene with vinyl esters is of interest because of the possibilities that it af- 
fords for the modification of the properties of butadiene polymer. However, owing to the very low rate of co- 
polymerization in a hydrocarbon medium and the possibility of hydrolysis in emulsions, the preparation of co- 
polymers of butadiene with vinyl esters was considered impossible until recently. The copolymerization of buta- 
diene with viny] formate is of particular interest: the readiness with which vinyl formate is hydrolyzed when in- 
corporated in a polymer chain [1] gives grounds for supposing that a copolymer of butadiene and viny] formate 
would be readily hydrolyzed with formation of a rubber-like product having free hydroxy groups, the content of 
which would have a certain effect on the physicomechanical properties of the polymer. In the present investi - 
gation an attempt was made to copolymerize butadiene with vinyl formate in the mass with the aid of an oxida- 
tion-reduction system. 


There is very little information in the literature on polymerization in a homogeneous hydrocarbon medium 
in presence of oxidation-reduction systems, Kern [2] showed that metal salts accelerate the polymerization of 
unsaturated compounds in presence of benzoyl peroxide and of benzoin and other reducing agents. Medvedev 
and co-workers [3] noted the acceleration of polymerization initiated by peroxides by the presence of certain 
amines and ketones, Dolgoplosk, Tinyakova and Rabinovich [4] showed that an oxidation-reduction system con- 
sisting of cumene hydroperoxide, dihydroxymaleic acid, and iron naphthenate can be used for polymerization in 
a homogeneous hydrocarbon medium, Wall [5] showed that a very active system for use in polymerization is 
one consisting of peroxides and iron salts in combination with carbohydrates. 


EXPERIMENTAL 


Butadiene was first purified from butenes with the aid of cuprous chloride [6,7], distillation, and passage 
through a system consisting of wash bottles containing 10% sulfuric acid and distilled water and of potassium hy - 
droxide and calcium chloride columns. Vinyl formate was synthesized by the liquid-phase method [8]. The 
monomer had a constant boiling point of 46° (with variations of ~0.1°); d?° 0.9582; ni 1.3845; monomer con- 
tent 99.9%; before use the monomer was distilled off from the inhibitor (hydroquinone), The system used in the 
copolymerization contained cumene hydroperoxide (0.3%), dihydroxymaleic acid with two molecules of water 
of crystallization (0.3%), and ferrous naphthenate (0.2 mole per mole of cumene hydroperoxide). 


The cumene hydroperoxide preparation contained 77% of the pure substance; its activity (expressed as 
content of the pure hydroperoxide) was checked by iodometric titration. Ferrous naphthenate, which was selected 
because of its high solubility in hydrocarbons, was prepared from the naphthenic acids of naphtha soap (molecular 
weight 200-205). Dihydroxymaleic acid and its diethyl ester were synthesized by the oxidation of tartaric acid 
with hydrogen peroxide [9-12]. 


The monomers were copolymerized in the mass. The purified and freshly distilled monomers were placed 
in ampoules of various sizes (10-120 ml). Dihydroxymaleic acid (DHMA) or benzoin (0.3%) was introduced into 
dry specially cleaned ampoules (washed with chromic acid mixture and blown out with steam). The ampoule 
was then cooled with solid carbon dioxide and the calculated amount of butadiene was introduced. The ampoule 
was again weighed and, with a fine glass rod with a groove at its end, a weighed amount of ferrous naphthenate 
was added. After the addition of vinyl formate, a weighed amount of cumene hydroperoxide was added by means 
of a pipet with a long capillary tip. The ampoules were sealed while still cool and were then placed in protect- 
ive metal jackets ready for the copolymerization. 
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TABLE 4 


Compositions and Intrinsic Viscosities of Copolymer Fractions 


moles % cosity [n] 
M M3) 


Original 
copolymer 

I 

Il 

ll 


IV 
Vv 
VI 


When 0.2% of benzoyl peroxide was used the copolymer was obtained by long heating (400 hours) of the 
monomer mixture at 120° in a molar ratio of butadiene (M,) to vinyl formate (M,) of 1:1. The copolymer was 
a soft creamy white elastic mass, It was readily soluble in benzene, moderately in gasoline and ether, and in- 
soluble in acetone; it swelled in chloroform. It could be precipitated from benzene solution by methanol and 
ethanol, The compositions of the copolymers are given in Table 1. 


When vinyl formate predominated (My: M, = 1:4, and less) no copolymerization occurred,even at 120°, 
Copolymerization was rapid at My: Mz = 4:1 (72 hours) and became slower as the vinyl formate content of the 


original mixture diminished. At My: Mz = 1:1, the rate of copolymerization was reduced to about one-quarter 
(300 hours), 


A more effective system was that consisting of dihydroxymaleic acid (and its diethyl ester), cumene hy- 
droperoxide, and ferrous naphthenate. However, at room temperature in presence of this system no copolymeri- 
zation of butadiene with vinyl formate was observed, even after long shaking of the monomer mixture. At 65° 
there was an appreciable change in viscosity, and a sticky viscous mass was formed after 100 hours, At higher 
temperatures (85°, 120°) the rate of copolymerization was correspondingly higher. Hence, the use of dihydroxy - 
maleic acid and its diethyl ester instead of benzoin results in more rapid copolymerization, The maximum 


yield of copolymer was obtained at My: My = 2: 1 (18.5% in 50 hours), The compositions of the copolymers are 
given in Tables 1 and 2, 


The products were not mixtures of polyvinyl formate and polybutadiene; they were readily soluble in ben- 
zene and completely insoluble in acetone and chloroform, even after prolonged extraction at the boil. As is 
well known, polyvinyl formate is soluble in acetone and chloroform and insoluble in benzene. Hydrolysis of the 
copolymers with aqueous or alcoholic 0.1 N NaOH for ten hours at 60-80° did not result in the isolation of poly- 
vinyl alcohol, as it would have in the case of polyvinyl formate. 


The products obtained in the ampoules were always clear, viscous liquids and consisted of a homogeneous 


solution of copolymer in a mixture of monomers, The precipitated and dried samples of copolymers were slight- 
ly yellowish or brownish-white elastic rubber-like masses, 


The intrinsic viscosities in benzene solution (Table 2) show that the molecular weights of the copolymers 
were fairly high. The highest intrinsic viscosity was possessed by the copolymer obtained at My: Mg = 2: 1. 


It was found that, in spite of the low solubility of iron stearate in the monomer mixture, the use of this sub- 


stance instead of the naphthenate led to much more rapid copolymerization, and correspondingly the yield of 
copolymer rose from 16.2% to 88.2% (Table 3). 


There was also some increase in the vinyl formate content of the copolymer. It must be supposed that the 
nature of the radical attached to iron is of definite significance in polymerization processes, 


The copolymer obtained at a molar ratio of butadiene to vinyl formate of My: Mz = 4: 1 at 120° in pres- 
ence of dihydroxymaleic acid, cumene hydroperoxide, and iron stearate was fractionated by the method of pre - 


8 Fraction No, Analysis of copolymer (%) Composition of copolymer Intrinsic vis- ae 
= 
2 82.9 10,7 6.4 88.0 12.0 3.03 va 
% 82.2 10.6 1.2 86.4 13.6 2.9 a 
83.8 11.0 5.0 89.8 10.2 2.1 a 
81.6 10.9 1.5 85.2 14.8 1.8 
82.8 11.0 6.2 87.6 12.4 1.3 an 
83.1 10.8 6.1 88.4 11.6 0.95 eo 
81.7 9.6 8.7 85.4 14.6 0.63 
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Compositions of Copolymers and Copolymerization Constants 
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cipitation at constant temperature (20°) and stirring. The 
compositions and intrinsic viscosities of the fractions iso- 
lated are givenin Table 4. Table 4 shows that fraction- 
ation results in the distribution of fractions according to 
molecular weight (the chemical compositions of the 
fractions are almost constant). 


Copolymerization constants were determined 


graphically (selected-curve method) from the data in 
Table 5. 


Monomer mixtures in eight different molar ratios 
were subjected to fractionation. The copolymers isolated 
at the initial stages of conversion were isolated and anal- 
yzed. The compositions of copolymers were calculated 
by the differential equation for copolymer composition 
developed by Mayo and Lewis (13, 14}: 


[Maj + (Mi) 


The results were plotted on a graph showing the 
relation of the mole fraction of monomer units m, in 
the copolymer to the mole fraction of monomer M, in 
the monomer mixture. Optimum values of the relative 
activities r; and r, were selected by the method of trial 
and error, the theoretical curve to the equation for the 
composition of the copolymer being used for comparison 
purposes. The best values of r, and ry, were assumed to be 
those giving a curve most closely fitting to the experi- 
mental points. The possible errors in the determination 
of ry and r, were estimated by comparison of values in 
the range over which the calculated curves were in ac- 
cord with experimental data. Examination of ry = 
My! My and r, = Ku, Ku, My shows 
that butadiene adds to its own radical and to the vinyl 
formate radical considerably more rapidly than the vinyl 
formate radical adds to its own radical. The value of 
the product of the relative activities r,.-r, = 5.0-0.2 = 


= 1.0 shows that there is no alternation effect in this 
system. 


For the preparation of a copolymer with free hy - 
droxy groups, 15-20 g of a copolymer of butadiene and 
vinyl formate was dissolved in benzene and to this solu- 
tion 1% of N-phenyl-2-naphthylamine was added as an- 
tioxidant. The solution was placed in a 500-ml two- 
necked round-bottomed flask fitted with reflux condenser, 
and 0.5 N alcoholic NaOH (calculated amount + 10% ex- 
cess) was added. Hydrolysis was carried out for five 
hours in a stream of nitrogen at the boiling point of the 
benzene -alcohol solution, The solution was neutralized 
with 0.5 N HCl, and the reaction of the medium was 
checked with the aid of methyl red paper. As neutrali- 
zation of the solution proceeded, it became more vis- 
cous, After removal of solvent, repeated washing with 
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TABLE 6 


Mechanical Properties of Vulcanizates Obtained from Hydrolyzed Co- 
polymers and Containing Free Hydroxy Groups 


Free hydroxy groups (moles %) (from hy - 
drolysis data) 

Glass temperature (Marei'’s method [15]) 

Vulcanization time (minutes at 142°) 

Breaking strength (kg/sq- cm) (unfilled 
vulcanizates) 

Relative extension (%) 

Residual extension (%) 

Swe lling in gasoline in 24 hours (%) 

Swelling in benzene in 24 hours (%) 

Swelling in gasoline/benzene (3: 1) in 24 
hours (%) 

Frost stability index at —35° and 100% 

stretch 


ratios of butadiene to viny] formate of 2:1 and 4:1, respectively, in 
presence of DHMA, iron stearate, and cumene hydroperoxide at 120°, 


distilled water to remove salts completely, and vacuum drying at room temperature, an elastic rubber-like 
brown mass of copolymer containing hydroxy groups was obtained. The hydroxyl content of the copolymer was 
determined by two methods; hydrolysis of residual formic ester groups by 0.1 N NaOH and Verley acetylation. 


From the 60-100-g samples of hydrolyzed copolymer obtained in this way, vulcanizates were prepared; 
their mechanical properties are given in Table 6. Before vulcanization the samples were stabilized with 1% 


N-phenyl-2-naphthylamine. It was noted that the copolymers showed satisfactory technological behavior in the 
preparation of the vulcanizates, 


The data given in Table 6 show that these rubbers have lower glass temperatures than natural rubber (66- 
71°) [15] and higher stability to gasoline. 


SUMMARY 


1, Previously undescribed copolymers of butadiene and vinyl formate were prepared. A description was 
given of the conditions required for the mass copolymerization of these monomers in presence of an oxidation- 
reduction system consisting of dihydroxymaleic acid, cumene hydroperoxide, and iron naphthenate or stearate. 


2. It was shown that the nature of the radical attached to iron affects the rate of copolymerization and 


the yield of copolymer. It was shown that the use of iron stearate instead of the naphthenate increases the con- 
version almost fivefold (from 16.2% to 88.2%). 


3. Fractionation of the copolymer gave fractions differing in molecular weight but not in chemical com- 


4, It was shown that the formic ester groups of the copolymer can be hydrolyzed, and the effect of free 
hydroxy groups on certain properties of the polymer was characterized. 


5, The copolymerization constants for reaction of butadiene with vinyl formate were determined. 


*The vulcanizates were prepared in the Mechanical Testing Laboratory of the All-Union Synthetic Rubber Re - 
search Institute. 


Note: Samples 1 and 2 were hydrolyzed copolymers obtained at molar 


Sample No. 2 vO 
—80.5 —80.0 
20 20 
135 146 
265 270 
12 12 
45.5 46.8 
99.0 100.0 
65.0 68.0 
4 
0.51 0.67 
ip 
position, 
 — 
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OXIDE-METAL CATALYSTS FOR THE REFORMING OF GASOLINES 


COMMUNICATION 2, REFORMING OF NARROW GASOLINE FRACTIONS OF ILSK AND 
SECOND BAKU PETROLEUMS OVER PLATINUM CATALYSTS 


Kh.M. Minachev, N.I. Shuikin, N.F. Kononov, I.L. Garanin 


and M.A. Ryashentseva 


In the first communication [1] we gave the results of the reforming of the 96-114° fraction of the straight- 
run gasoline of Ilsk-Khadyzhin petroleum in a flow system over a Pt—SiO, catalyst, and these provided the basis 
for selecting the process schedule (480°, 20 atmos, space velocity v for feed of gasoline 1 hour™, molar ratio of 
circulating hydrogen to original substance (H,: HC) 7-9:1). Under these conditions aromatic hydrocarbons were 
obtained in maximum yield, mainly by dehydrogenation of cyclohexanes, and the undesirable reactions of hydro- 
cracking were reduced to a minimum. However, the stability of the 0.5% Pt—SiO, catalyst was comparatively 
low and, after 300 hours in operation, its activity began to fall. 


It has recently become particularly important to develop active gasoline -reforming catalysts which are 
stable and do not require regeneration (in order to obtain aromatic concentrates and high-quality motor and avi- 


ation fuels) [2,3]. Two of the present authors have shown [4, 5] that the catalyst 0.5% Pt—Al,Os has high dehy - 
drogenating and isomerizing activity. Thus, in the catalytic treatment of methylcyclohexane in a flow system 
at 460° and 20 atmos, the substance was dehydrogenated with formation of toluene (82.1%) and isomerization 
with ring contraction occurred only to a slight extent, Under the same conditions, ethylcyclopentane was iso- 
merized with ring expansion (the yield of toluene was 44%). 


In the present investigation we investigated the activity and stability of a 0.5% Pt—Al,O, catalyst under 
the conditions for the reforming of the 95-115° fraction of gasoline from Ilsk petroleums (close in composition 
to the 96-114° fraction, the transformations of which we investigated previously [1]). Also, in view of the ever- 
increasing importance of Second Baku petroleums, we studied the transformation of the 85-138" fraction of the 
gasolines of these petroleums (poorer in naphthenes than the corresponding fractions of Ilsk-Khadyzhin petrole - 
ums) over the same catalyst and over the previously [1] investigated 0.5% Pt—SiO, catalyst with a more severe 
temperature schedule than that used in the reforming of gasolines of Ilsk petroleums, 


EXPERIMENTAL 
Preparation of Catalysts 


Catalyst No. 1 (0.5% Pt—Al,Os). Alumina in the form of cylinders, diameter 3 mm and height 5 mm, was 
roasted and impregnated with a solution of chloroplatinic acid. The catalyst was dried and reduced in a stream 
of hydrogen, The details of the preparation of the catalyst are given in a previous paper [5]. The specific sur- 
face of the catalyst, determined by adsorption of benzene at 0°, was 70 sq- m/g, and that of the original alumi- 
na was 90 sq-m/g [5]. About 300 ml of catalyst was loaded into the reactor. 


Catalyst No. 2 (0.5% Pt—SiO,). Silica gel (from the Voskresensk Chemical Combine) was first ground 
down to grains of diameter 1.5-2.5 mm, subjected to special treatment, and roasted, It was then impregnated 
in a solution of chloroplatinic acid, dried, and reduced in a stream of hydrogen, The details of the preparation 
are given in the same paper [5]. The specific surface of the catalyst, determined by adsorption of benzene at 


0°, was 220 sq* m/g, and that of the original silica gel was 195 sq- m/g [5]. About 300 ml of catalyst was load- 
ed into the reactor, 
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X-ray analysis of the Catalysts.* The samples were examined under CrK, radiation (2.285 A) on Agfa 
Laufilm; exposure 12 hours; 30 kv, 12 ma (vanadium filter), The ground samples were placed in celluloid 
capillaries, 0.87 mm in diameter. The results were briefly as follows. Catalyst No. 2 (0.5% Pt— SiO,) gave no 
lines corresponding to platinum, Catalyst No. 1 (0.5% Pt—Al,O3) gave very broad diffuse lines corresponding to 
the lines of y-Al,Oy: the interplanar distances were almost identical with tabulated data for y-Al,Os. However, 
the reflections from planes with the indices 400 (1.99 A) and 440 (1.39 A) were very close to reflections from 
the planes 200 and 220: dgo9 for Pt is 1.95 A; dg99 for Pt is 1.38 A. The lines obtained on the x-ray photographs 
give us grounds for postulating the presence of crystalline y-Al,Os. We cannot exclude the possibility of the 
presence of crystalline platinum, for we have shown in previous investigations [6,7] that, for example, on acti- 
vated charcoal this metal is in the crystalline state, even when present at the lowest concentrations, 


Characterization of the Original Gasoline Fractions 


1) The 95-115° fraction of gasolines from Ilsk petroleums had np 1.4116 and d?* 0.7455; it contained 9.0% 
by volume of aromatic hydrocarbons and 0.016% by weight of sulfur. 


Engler Fractionation 


Start of boiling 95,0° 95% 106.5° 
10% 101.5° 97.5% 108.5° 
50% 103.5° End of boiling 115° 
90% 105° 


The group composition of the fraction was naphthenes 39.0%, paraffins 51.2%, and aromatics 9.8%, 


2) The 85-138° fraction of straight-run gasolines of Second Baku had nh 1.4506 and d?° 0.7212; it con- 
tained 7.2% by volume of aromatic hydrocarbons and 0,018% by weight of sulfur. 


Engler Fractionation 


Start of boiling 85° 90% 116° 
10% 92.0° 95% 132° 
50% 100° End of boiling 138° 


The group composition of the fraction was naphthenes 26.7%, paraffins 65.3%, and aromatics 8.0%, 


Apparatus 


The reforming experiments were carried out in a block reactor, which was heated electrically and main- 
tained at a temperature constant within +2°. The measurement and regulation of temperature was carried out 
with the aid of thermocouples and electronic potentiometers. The catalysis tube (made of stainless steel EYalT, 
internal diameter 40 mm, height 800 mm) was fixed in an aluminum block held at temperatures up to 500°. A 
detailed description of a flow-type apparatus working at pressures of up to 50 atmos with recirculation of gaseous 
products was described in detail in the first communication [1]. 


Experimental Procedure 


The temperature in the reactor was raised to that required in the experiment while a feeble current of hy - 
drogen was passed; the hydrogen pressure was then raised to the required value. The pump for the feed of gaso- 
line was then started at a predetermined speed, and the circulatory gas pump was switched on (this established 
the ratio of hydrogen to original hydrocarbons Hy: HC at the required value), The original gasoline was passed 
over the catalyst for one to two hours (pre-experiment period); in the course of this time the rate of feed of gas- 
oline, the temperature, and the pressure were established at the required values, After removal of the liquid 
catalysis products that had accumulated in the pre -experiment period, experiments were carried out in which the 


*The x-ray analysis of the catalyzates was carried out by A.M. Rubinshtein, to whom the authors express their 
thanks, 
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activity and stability of the catalysts were tested over a long period. 


Analysis of Liquid and Gaseous Catalysis Products 


For the catalyzates, as in the case of the starting materials, the refractive index, density, and content of 
aromatics (by the sulfuric acid method) and sulfur compounds were determined, and Engler fractionation was 


carried out, The gaseous products were analyzed in an Orsat-Lunge apparatus and were found to be mainly hy- 
drogen (up to 98%), 


Catalyst No. 1 (0.5% Pt-Al,Os) was investigated for stability, activity, and selectivity (mainly its ability 
to bring about aromatization, rather than hydrogenolysis, isomerization, etc.) in the reforming of the 95-115° 
fraction of the gasoline of Ilsk petroleums and in the reforming of the 85-138° fraction of gasolines from Second 

Baku petroleum. 


Catalyst No. 2 (0.5% Pt—SiO,) was investigated for 
activity and selectivity in the transformation of the 85-138° 
fraction of gasolines from Second Baku petroleums. 


drocar- 
y wt) 
~ 


The results of experiments on the reforming of the 
95-115° fraction over Catalyst No. 1 are given in Table 1 


40 800 1200 1600  200Qhours and in the graph. 
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Variation in the content of aromatic hydro- These results show that over 2 period of 2000 hours 
Catalyst No. 1 preserved a fairly high activity and selectivity. 
carbons in the catalyzate as a function of the 
- The content of aromatic hydrocarbons in the catalyzate re- 
length of service of the catalyst (470-480°; 
HC) mained almost unchanged (35-36%) for 1100 hours, and only 
, + en es in the succeeding 900 hours did the concentration fall grad- 
ually to 25%, In the course of this time the temperature of 
the process did not exceed 480° (mean 470°), This catalyst “run” was continued further, and some loss in activ- 
ity was observed with a slight fall in the content of aromatic hydrocarbons in the catalyzate to 23%, Rise in 
temperature to 490-500° stabilized the content of aromatic hydrocarbons at 25-26% by weight over a period ui 
almost 800 hours. Owing to the inadequacy of the cooling of the condensation system by running water and the 


impossibility of using other cooling agents, there were appreciable losses of catalyzate, amounting in some cases 
to 9%, and this explains why the yield was not as high as it should have been. 


TABLE 1 


Yields and Compositions of Catalyzates in the Reforming of the 95-115° Fraction of Ilsk Petroleum (470-480°; 
v= 1hour~; 20 atmos; 9H :HC) 


No. Length of run (hours 
to 100 100-500 500-1000 | 1000-1500} 1500-2000 


Yield of liquid catalyzate (on origi - 

nal fraction) (% by weight) : 91.0 92.4 90.0 94.0 92.0 
Start of boiling (°C) 96 96 97 95 
End of boiling (°C) 120 124 123 121 
Density of catalyzate dj° 0.7678 0.7674 0.7680 0.7674 
Yield of gas (on original material) 

(% by weight) 0.7 0.7 0.7 1.6 
Losses (% by weight) 8.2 6.9 9.3 8.0 
Composition of catalyzate (% by 

weight) 

a) aromatic hydrocarbons 
b) naphthenes and paraffins 
Composition of recycled gas (% by 
volume) 
a) hydrogen 
b) Cy—C, saturated hydrocarbons 
Sulfur content of catalyzate (% by 
weight) 0.005 0.007 
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In the reforming of the fraction only very slight gas formation was observed. The yield of gas did not 
exceed 1.6% on the amount of starting material, and the circulating gas mixture contained up to 98% of hydro- 
gen, This fact indicates the highly selective properties of the catalyst. Apart from the loss of gasoline resulting 
from appreciable gas formation (as in hydroforming [8], in which it attains 15% and more), the presence of hydro- 
carbons in the recycling gases lowers the partial pressure of hydrogen and so worsens the conditions for the work- 
ing of the catalyst (it leads to increased coke formation [9]). As analysis of spent Catalyst No. 1 showed, its car- 
bon content was only 0.46%, which indicates only very slight coke formation. It should be noted also that sulfur 
compounds, originally present in an amount of 0.016% (calculated as sulfur), do not deactivate our catalyst. The 
sulfur content of the catalyzate fell on the average to 0.006% (i.e., to almost one-third of that of the original 
fraction). Hence, Catalyst No. 1 effected also some desulfurization of the 95-115° fraction. 


In the process of work over one volume of catalyst, 2460 volumes of gasoline was passed, i.e., 1 g of 
Pt effected the reforming of 755 liters of the original fraction.* Judging from the fractionation results, the frac- 
tional compositions of the catalyzates over the whole period of service of the catalyst differed very little in- 
deed from the fractional composition of the original material, which again indicates the insignificant amount of 
low -boiling paraffins in the catalyzate and therefore the small contribution of hydrocracking reactions under the 
given conditions, 


TABLE 2 


Yields and Compositions of Catalyzates in the Reforming of the 85-138" 
Fraction of Second Baku Gasolines (495-500°; v=1 hour~; 20 atmos; 


HC) 
Catalyst No, 1} Catalyst No, 2 
0.5% Pt—A 1,O, 

Yield of catalyzate (on original fraction) 


(% by weight) 95 
Start of boiling (°C) 59 
End of boiling (°C) 140 
Density of catalyzate d?° 0.7400 0.7321 
Composition of catalyzate (% by weight) 

a) aromatic hydrocarbons including: 29.2 23.1 
benzene 3.2 5.4 
toluene 15.2 12.6 
xylenes + ethylbenzene 10.8 5.1 

b) naphthenes and paraffins 70.8 76.9 

Composition of recycled gas (% by volume) 
a) hydrogen 96.5 90.6 
b) Cy—C, saturated hydrocarbons 3.5 9.4 


The reforming of the 85-138" fraction of Second Baku gasolines over Catalysts No, 1 and 2 was carried out 
under the following conditions; 495-500°; 20 atmos; v = 1 hour™’; 9H,: HC. Cata lyst samples (about 300 ml 
each) were placed in the block catalysis tube and the experiments were carried out as described above. The data 
on yields and compositions of catalyzates and gaseous products (after 100 hours of continuous work of catalysts) 
are given in Table 2. 


According to Table 2, maximum yield of catalyzate of high aromatic content was obtained by passage of 
the 85-138" fraction over Cata lyst No. 1 (0.5% Pt-Al,O3). Gas formation was then much less than in the case of 
Catalyst No. 2 (0.5% Pt—SiO,), which is confirmed by the analysis of recycled gas. It is clear that the lowering 
of yield of catalyzate from 95% to 90% when Catalyst No. 2 is used instead of No, 1 is to be attributed to in- 
creased gas formation. The increased hydrocracking of hydrocarbons over Catalyst No. 2 can be explained by 
the much higher (almost threefold) specific surface of this catalyst, as compared with that of Catalyst No. 1. The 


*The amount of 0,5% Pt catalyst was 320 m1 (212 g, the bulk density being 0.67); the amount of Pt was 1.07 g, 
and the amount of gasoline passed was 808 liters. 
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probability of this view is confirmed by the fact that, in the investigations of Chapett and others [10],reduction 
in the hydrocracking activity of nickel on aluminum silicate was attained by suitable reduction of the specific 
surface of the cata lyst. 


SUMMARY 


1, A study was made of the activity and stability of a 0.5% Pt—Al,O, catalyst under the conditions of re- 
forming of the 95-115" fraction of the gasoline from Ilsk petroleums. It was shown that, under the conditions 


selected for the process, the catalyst preserved its stability and maintained a fairly high activity over a period 
of 2000 hours, 


2. A comparative study was made of the catalytic properties of two platinum catalysts under the conditions 
of reforming of the 85-138" fraction of Second Baku gasolines, It was shown that the catalyst 0.5% Pt—A1,O 


has considerable advantages (higher yield of aromatic hydrocarbons with less gas formation) over the catalyst 
0.5% Pt— SiO,. 


3. It was shown that the catalyst 0.5% Pt—Al,Og may be used for the reforming of narrow gasoline fractions 
with the object of obtaining aromatic hydrocarbons, The catalyst has only feeble hydrocracking properties and 
so is superior to catalysts used in the hydroforming process for the present purpose. 
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SYNTHESIS OF POLYALKYLENEARYLS* 


COMMUNICATION 1, POLYCONDENSATION OF METHYLENE CHLORIDE 
WITH HALOBENZENES 


G.S. Kolesnikov, V.V. Korshak and T.V. Smirnova 


We recently described results on the polycondensation of methylene chloride with benzene in presence of 
aluminum chloride and showed that in this case the reaction takes a different course than in the polycondensa- 
tion of 1,2-dichloroethane with benzene. In other investigations we determined the effect of the presence of 
substituents in aromatic hydrocarbons on the course of the polycondensation of these hydrocarbons with 1,2-di- 
chloroethane [2-5]. The present investigation had the object of determining the effect of the presence of a sub- 
stituent in the aromatic hydrocarbon on the course of its polycondensation with methylene chloride. As substi- 
tuted aromatic hydrocarbons we selected fluoro-, chloro-, and bromobenzenes, The procedure was the same as 
in the case of the polycondensation of methylene chloride with benzene [1]. The reactants. were taken in equi- 
molecular proportions; the concentration of aluminum chloride was nine moles percent on the amount of substi - 
tuted aromatic hydrocarbon, The results are given in Table 1. 


TABLE 1 
Polycondensation of Methylene Chloride with Halobenzene 


Halobenzene Low-mol. wt. polycondensa- | Macromolecular polyconden-| Molecular wt. 
tion product and its yield (%) | sation product and its yield | of polyconden- 
%o) sation product 


Fluorobenzene Bisfluorophenylmethane, 19.6} Poly[methy lene(fluorophen- 
y])], 40.7 

Chlorobenzene Bischloromethy lmethane,12.0| Poly[methy lene(chlorophen- 
yl)], 52.5 

Bromobenzene p-Dibromobenzene,* 11.0 Poly[methy lene(bromophen - 
yl)}, 38.4 


*By-product, formed in side reaction, 


In no case was the formation of insoluble three -dimensional products observed. It may be supposed that 
this arises either from the low activity of halobenzenes or from the formation of dihydroanthracene ring systems 
in the growing chain of poly[methylene(halophenyl)], The molecular weights of the polymers obtained were 
low, which may be explained by chain termination as a result of the formation of dihydroanthracene ring sys- 
tems at the ends, Analysis of fractions obtained by treatment of the polymers with hot alcohol shows that form- 


ation of dihydroanthracene ring systems probably does occur, for the analysis of alcohol-insoluble fractions 
agrees closely with values calculated for the structural units 


*The preceding communication in this series was published in the series "Macromolecular Compounds.” 
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in which X is a halogen atom, the position of which is unknown, 


The analytical results for the polymers and the calculated contents of the elements are given in Table 2. 


TABLE 2 


Characteristics of Products of the Polycondensation of Methylene 
Chloride with Halobenzenes 


Halobenzene 


fluoroben- chloroben- 
zene zene 
Alcohol-soluble fraction 

Found (%): 77.60 67.25 
77.46 
H 4.72 
4.43 
X 47.22 


17.35 
Molecular weight 820 
Calculated for 


— CsHsXCH.—, (%) : C 77.77 
H 


x 
Alcohol-insoluble fraction 


Found (%): 
H 
X 


Molecular weight 
Calculated for 


78.94 68.73 


4.42 3.84 
17.04 27.43 


It will be seen from Table 2 that the alcohol-soluble and alcohol-insoluble fractions differ in composition, 
the carbon content of the latter being greater than that of the alcohol~soluble fraction. This can be explained 


by the presence of dihydroanthracene ring systems in the chain of alcohol-insoluble polymers. Alcohol-insoluble 
fractions probably consist in the main of 


units, and alcohol-soluble fractions of —CgHsXCH,~— units (X is halogen). 


The polycondensation of methylene chloride with halobenzenes gives not only macromolecular products, 
but also products of low molecular weight formed in the initial stage of polycondensation. In the polycondensa- 


tion of methylene chloride with fluorobenzene we isolated a liquid of b.p. 103-104° (4 mm), indicated by ele- 
mentary analysis to be bisfluorophenylmethane. 


Found %; C 76.87, 76.69; H 5,28, 5.07. CygHyoF,. Calculated % C 76.45; H 4.94. 


We did not succeed in establishing the structure of the bisfluorophenylmethane. 


In the polycondensation of methylene chloride with chlorobenzene we isolated bischlorophenylmethane as 
a liquid of b.p. 139-142" (4 mm). The chlorine content was in close agreement with the calculated value: 


27.75 
1050 
me 67.48 
17.57 28.48 
~ 
80.36 69.59 
80.26 69.80 
4.33 4.00 
4.38 4.03 
14.54 26.18 
14.67 26.40 
C 
a 
4 eee CH, CH, cee 
x CH, xX 
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Found %; C1 30.10, 29.80. CygHyCl,. Calculated %: Cl 29.91, 


The bischlorophenylmethane was oxidized with chromium trioxide: a product was obtained having a chlorine 
content approximating to that of dichlorobenzophenone: 


Found % Cl 27.58, 27.76. CygHgOCl,. Calculated %; Cl 28,24, 


However, the melting point of the oxidation product, 100-101.5°, was not identical with that of any one 
of the known dichlorobenzophenone isomers. Thus, the following melting points have been reported (6): 


Isomer M.p. (°C) 


0, 45-46 
m,m’- 123,8-124,9 
m, Oil 
0, p’- 62-65 
m, 112.6-113.4 
P» p’- 146 


The product that we obtained by oxidizing bischlorophenylmethane was apparently a mixture of two or 
more bischlorophenylmethane isomers, difficult to separate by crystallization. 


In the polycondensation of methylene chloride with bromobenzene the main low-molecular-weight product 
obtained was p-dibromobenzene, The formation of this is to be explained by the transfer of a bromine atom from 
one bromobenzene molecule to another under the influence of aluminum chloride. As early as 1882 Dumreicher 
[7] observed the formation of dibromobenzene and benzene when bromobenzene was heated with aluminum chlo- 
tide. In the polycondensation of methylene chloride with bromobenzene in presence of aluminum chloride par- 
tial conversion of bromobenzene into dibromobenzene occurred and we were able to isolate it. This reaction 
probably occurs mainly at the start of the polycondensation process when the concentration of bromobenzene is 
high; but the possibility of the formation of dibromobenzene at later stages cannot be excluded. Similar transfer 
of halogen occurs also in the polycondensation of 1,2-dichloroethane with o-dichlorobenzene [4]. p-Dibromo- 


benzene was identified from its melting point, its mixture melting point, its molecular weight, and its bromine 
content. 


Found %; Br 66.58, 66.60; M 233.0, 229.2, CgH,Bry. Calculated %; Br 67.76; M 235.93. 


Apart from p-dibromobenzene, bisbromophenylmethane was formed as a low-molecular-weight reaction 
product. Oxidation gave dibromobenzophenone, m.p. 125-128". 


Found %, Br 46.75, 47.30. CygHgOBr,. Calculated %: Br 47.01. 


According to the literature, the isomer of closest melting point (130°) is 3,4°-dibromobenzophenone [8]. 


The transfer of bromine atoms from some aromatic molecules to others explains the low bromine content 
of the macromolecular polycondensation products. 


The polymer fraction that was soluble in hot alcohol had the composition (%): C 50.59, 50.87; H 3.49, 
3.37; Br 45,60, 45.42. The insoluble fraction contained (%): C 59.62, 59.70; H 3.20, 3.45; Br 36.60, 36.82. 
The calculated composition of the structural unit CgHsBrCH, (%) is C 49.74; H 2.98; Br 47.28; and for the unit 


%) 
CH, 


Br “Br 


C 51.46; H 2,88; Br 45.66. 
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The investigation shows that monohalobenzenes polycondense with methylene chloride in presence of alu- 
minum chloride. In these cases the polycondensation proceeds as in the polycondensation of methylene chloride 
with benzene, but reaction with bromobenzene is complicated by side reactions in which halogen moves from 
some aromatic molecules to others. The presence of the halogen atom has no substantial effect on the course of 
the polycondensation process: the molecular weights and yields of the products differ little from those found for 
the polycondensation of methylene chloride with benzene [1]. There is some change in the character of the 
resins obtained: instead of the brittle solid obtained by the polycondensation of methylene chloride with ben- 
zene, in the polycondensation of methylene chloride with halobenzenes,viscous liquids are obtained. 

SUMMARY 


The polycondensation of methylene chloride with fluoro-, chloro-, and bromobenzenes was studied. 
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BRIEF COMMUNICATIONS 


EFFECT OF FINE VIBRATIONAL MILLING ON THE ACTIVITY OF RANEY NICKEL 


S.L. Kiperman, A.A. Balandin and I.R. Davydova 


Raney catalysts, prepared by leaching the appropriate alloys, now find extensive application, particularly 
in liquid-phase reactions, However, adequate attention is not generally paid to such an important factor in de- 
termining the activity of a catalyst as the dispersity; all the more so since these catalysts are generally used in 
powder form. In order to determine the effect of the dispersity of a catalyst on its activity, we applied the 
method of fine vibrational milling to nickel-aluminum alloys. 


EXPERIMENTAL 


The alloy, which contained 50% of nickel, was ground in a vibromill.* It was leached with double the 


theoretical amount of 25% NaOH ("Chemically Pure”) in the cold, and was then heated for two hours at 100° and 
washed in a stream of pure hydrogen. 


The dimensions of the particles were determined, before and after leaching, by sedimentation analysis 
with the aid of a sensitive tungsten spiral, the extension of which was determined with a cathetometer. Water 
and glycerol were used as dispersion means, The specific surfaces of the catalysts were determined by the ad- 


sorption of palmitic acid from alcoholic solutions [1], which gave values in accord with those obtained by the 
Brunauer-Emmett-Teller method, 


TABLE 


Grinding Predominant radius of | Specific | Specific activity k- 10 
particles surface molecules/sq* sec 
| before | after (sq-m/g) for hydro-| for dehydro- 


leaching genation | genation of 


Ordinary 100-150 
In vibromill 3 


As will be seen from the table, samples subjected to vibrational milling differ greatly from the original 
samples, their particles being of the same order of size as the minimum dimensions of the coarse pores; leach- 
ing has very little effect on the dimensions of the fine particles. 


For the characterization of the activity of the catalyst we selected the reactions of hydrogenation of cyclo- 
hexane in ethanol and dehydrogenation of isopropyl alcohol. Starting materials: cyclohexene, b.p. 83° (762 mm), 
nB 1.4451; absolute ethanol, b.p. 77.5-78.0° (750 mm); n¥ 1.3618; absolute isopropyl alcohol, b.p, 81.0-81.5° 
(754 mm); nB 1.3780, The reactions were studied in a thermostated vessel having two condensers (fused together 
in one piece) and clamped in a shaker. The course of the reaction was judged by the amount of hydrogen ab- 
sorbed or evolved, The hydrogenation of cyclohexene was studied in 2.5% and 5% solutions in ethanol with 0.25 g 
and 0.5 g of catalyst (freshly prepared and also after long keeping) at 25° with shaking at a frequency of 400-800 


*The vibration mill was constructed in the All-Union Structural Materials Research Institute under the supervision 
of R.L. Kayushina, to whom we express our sincere thanks. 
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per minute, which ensured the absence of diffusional retardation. The dehydrogenation of isopropy! alcohol was 
studied at the boiling point of the alcohol in the same apparatus with shaking at a frequency of 700-800 per 
minute, at which the effect of diffusional retardation was small. Before the start of reaction the catalyst was 
saturated with pure hydrogen for a long time. The exact dosage of catalyst was ensured by the procedure de- 
veloped previously [2]. As will be seen from the graph, the activities of catalysts subjected to vibrational mill- 
ing are considerably higher than those of catalysts ground in the usual way. 


Liquid-phase reaction with adequate agitation 
00150 200150 can be regarded as analogous to gas-phase reaction in 
a static system, Hence, from the curves expressing the 
relation of the amount x of product formed to the time 
t we may find reaction rates dx/dt from the slopes of 
the curve at various points, The analysis of curves 
plotted on a large scale shows that at the start of re- 
action,hydrogenation is of zero order with respect to 
cyclohexene at constant hydrogen concentration (ow- 
ing to continuous replacement of loss from solution), 
Beyond the initial section there is a retardation of re - 
action, greater or smaller according to the activity of 
the catalyst, this being probably conditioned by the 
extent of simultaneous “irreversible catalysis" [3] pro- 
ceeding at the surface with formation of benzene,. 
which is hydrogenated slowly and renders an ever-in- 
* snites creasing proportion of the surface ineffective. Spe- 
Effect of vibrational milling on catalyst activity: cial experiments showed that there was no benzene in 
ordinarily ground catalyst; finely the liquid phase, but a preliminary washing of the 
ground catalyst; 1) and la) hydrogenation of CgHjo; oid 
2) and 2a) hydrogenation of CgHyp after catalyst had 
been kept for a long time; 3) and 3a) dehydrogen- observe d in several investigations [4-6]. The activity 
ation of 1-C3H,OH. of a catalyst can therefore be characterized by the 
values of constants calculated for initial rates of zero 
order, In the case of dehydrogenation, zero-order re- 


action was again observed at the start, and there was 
subsequent retardation; this will be examined in a separate paper. The table shows the relation of the rate con- 


stants of the two reactions, expressed in terms of unit surface of catalyst, to the extent of grinding. 


(moles of H,) 


Hydrogenation of (moles of Hg) 
Dehydrogenation of i-CsH7;OH 


To explain the effect of vibrational milling on catalyst activity further investigations are required. At 
present we may make the following observations: 1) increase in activity may arise from change in the micro- 
roughness of the surface due to the appearance of dislocations during the mechanical treatment of the metal; 
owing to rapid lateral diffusion, places in the deep pores may become accessible; 2) on the other hand, in sam- 
ples ground in the usual way part of the internal pores may be inaccessible for reaction. Fine grinding results in 
the opening up of the internal surface, Since we attained a dispersity that approximated to that of the larger 
pores, we may consider, very roughly, that in this way we achieved complete accessibility of the internal surface 
for ordinary diffusion, We may then calculate the degree of utilization f of the catalyst surface with the aid of 
equations that follow from Wheeler's work (7] and a comparison of initial reaction rates on the ordinary and fine - 


ly ground catalysts; f = 


1 
2n/2h’ in which n is the reaction order, h is a dimensionless parameter depending on 


the effective diffusion coefficient D in the pores, the diameter a of the grains, the mean radius r of the pores, 
and the "true" rate constant k, characterizing the activity of unit surface of a “nonporous” catalyst at unit con- 


centration (the concentration C at the mouths of the pores being regarded as the same as the bulk value), h 
a5/ kc” 


3 ‘> From this we may evaluate approximately the diffusion coefficient for CgHyo in the pores of the 
catalyst, assuming provisionally that r ly. Substituting appropriate values, we obtain D = sq- cm/sec. 


2 

According to another criterion from the same source [7], for a static system hth» h = 0.693 a'VR _ 
18Dt/2VgW 

is the time for half-conversion, W is the weight of catalyst, Vp is the total volume, Vg is the volume of pores. 


, in which ti/e 
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Substituting ty 7, = 4200 seconds, W = 0.25 g, Va = 40cc, Vg = 0.06 cc/g, and h » 4, we obtain D = 1.0- 1078 
sq*cm/second, When we take account of the order of diffusion coefficients in the liquid phase (108-108 

sq* cm/second) and the approximate nature of the calculation, we may regard the results of the calculation as 
close to actuality. 


Laboratory worker G.I, Brusova took part in the work, 


SUMMARY 

The activities and specific activities of Raney nickel catalysts that have been first subjected to fine grind- 
ing in a vibrational mill for the hydrogenation of cyclohexene and the dehydrogenation of isopropy! alcohol in 
the liquid phase are higher than the activities of catalysts ground in the usual way. This fact is probably associ - 
ated with change in the microroughness of the surface or the presence of internal diffusional retardation, 
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1-NAPHTHYL COMPOUNDS OF THE TYPE ArPbXy, 


V.I. Lodochnikova, E.M. Panov and K.A. Kocheshkov 


Organolead compounds containing the 1-naphthy! group have received little study. Several compounds of 
a mixed type have been described, e.g., (CgHg)gPb(c -CygHy) [1], (CgHg)gPb(cx -CygHy)2 [2], -CygHy) [3] 
and also tri-1-naphthyllead [4] obtained in 6-10% yield by the action of 1-naphthylmagnesium bromide (or 1- 
naphthyllithium) on lead chloride. 


As we had two methods, based on our investigations (5, 6],at our disposal for the preparation of organolead 


compounds of the type ArPbX3, we made use of one of these to prepare some previously inaccessible 1-naphthy] 
compounds of this type: 


(a-CigH;)sHg + Pb(OOCR), —> + a-CiH,;HgOOCR, 


in which OOCR is an acetic or isobutyric residue, 


By the action of ammonia on the triacetate we obtained 1-naphthaleneplumbonic acid, and by transacyla- 
tion the triacetate was converted into the tribenzoate, 1-Naphthyl compounds of the type ArPbX;y are slightly 


yellowish substances, soluble in organic solvents (1-naphthaleneplumbonic acid is insoluble), and insoluble in 
water (hydrolysis). 


EXPERIMENTAL 


1-Naphthyllead triacetate, In small portions,5 g (1 molecular proportion) of di-1-naphthylmercury was 
added to a solution of 4.9 g (1 molecular proportion + 15% excess) of lead tetraacetate in 50 ml of dry chloro- 
form acidified with a few drops of acetic acid. The mixture became brownish-red; after 90 minutes, reaction 
was complete, The mixture was cooled to 0° and a solution of 1 equivalent of hydrogen chloride in 4.9 ml of 
alcohol was added dropwise. The precipitate was filtered off; it amounted to 3.5 g (87%) and consisted of 1- 
naphthylmercury chloride, m.p. 191° (the literature [7] gives 191°), The filtrate was placed in a vacuum desic- 
cator until solvent had been removed, The brown residue was crystallized from ethyl acetate with the addition 
of one or two drops of acetic acid. The product, amounting to 3.1 g (55.1%), was a yellowish substance, m.p. 
168-169°, unchanged by recrystallization., 


Found %: Pb 40.66, 40.14, CygHygOgPb. Calculated %: Pb 40,52. 


Determination of the number of acid groups gave 3.1. 


1-Naphthyllead triacetate forms slightly yellowish plates (from ethyl acetate), readily soluble in methanol, 
ethanol, chloroform, benzene, xylene, and glacial acetic acid. 


1-Naphthyllead triisobutyrate. In small portions 1 g (1 molecular proportion) of di-1-naphthylmercury was 
added to a solution of 1.26 g (1 molecular proportion + 15% excess) of lead tetraisobutyrate in 15 ml of chloro- 
form acidified with some drops of isobutyric acid. One portion was not added untilthe previous one had dissolved. 
The operation required 40-45 minutes, The organomercury compound was separated in the usual way. The solu- 
tion was left in the air until the solvent had evaporated completely, The residue solidified completely (about 
1.2 g, m.p. 95-97°), Recrystallization from a hexane-isopentane mixture raised the melting point to 99.5-101°, 
unchanged by further recrystallization; yield 0.6 g (46%). 
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1-Naphthyllead triisobutyrate is a faintly yellowish crystalline substance, readily soluble in ethyl! acetate, 
moderate ly soluble cold and very soluble hot in chloroform, ether, and organic acids (acetic and propionic). 


Found %: Pb 35.27, 35.31. CygHggQgPb. Calculated %: Pb 34.78. 


Determination of the number of acid groups gave 2.96. 


1-Naphthaleneplumbonic acid. A solution of 2.5 g of 1-naphthyllead triacetate in 60 m1 of methanol was 
poured with mechanical stirring into 75 ml of 5% aqueous ammonia, Reaction proceeded with slight evolution 
of heat. The mixture was stirred for two hours and then left overnight. The precipitate was filtered off at the 
pump, washed with water and once with ether, and vacuum-dried for one hour at 100°; yield 1.12 g (62.6%). 


Found %; Pb 56.09, 56.32. CygHgO,Pb. Calculated %: Pb 56,42. 


1-Naphthaleneplumbonic acid is a yellow amorphous substance. When placed in a bunsen flame it burns 
with a flash, The inadequately dried substance bursts into flame when mixed with concentrated sulfuric acid. 
It is almost insoluble in 50% potassium hydroxide and in concentrated hydrochloric acid*; when treated with 
glacial acetic acid it is converted into 1-naphthyllead triacetate (see above), 


Preparation of 1—naphthyllead triisobutyrate from 1-naphthaleneplumbonic acid, 1-Naphthaleneplumbonic 
acid (0.32 g, i.e., 1 molecular proportion) and 0.47 g (6 molecular proportions) of isobutyric acid were carefully 
ground together. The reaction mixture was left in a desiccator over solid caustic alkali. The crystalline sub- 
stance (0,21 g) that separated on the next day melted at 97-99.5°, raised by crystallization from hexane to 99.5- 


101°, which corresponds to the melting point of 1-naphthyllead triisobutyrate prepared by the direct method (see 
above). 


1-Naphthyllead tribenzoate. Benzoic acid (0.23 g, i.e., 3 molecular proportions) was added to a hot solu- 
tion of 0,32 g (1 molecular proportion) of 1-naphthyllead triacetate in a mixture of 5 ml of dry benzene and 2.5 
m1 of hexane; the acid dissolved rapidly. On the next day the mixture was placed in a refrigerator until crys- 
tallization was complete. The precipitate was filtered off, washed with 3-4 ml of dry benzene, and dried ina 


desiccator over paraffin. The product, amounting to 0.17 g (40.5%), had m.p. 173-174°, unchanged by recrystal- 
lization from hexane, 


Found %: Pb 29.86, 29.60. CgyHp,O.Pb. Calculated % Pb 29,71. 
1-Naphthyllead tribenzoate is a light-yellow crystalline substance, extremely soluble in chloroform and 


very soluble in ethyl acetate and benzene; in methanol it is sparingly soluble cold but readily soluble hot; in 


hexane and petroleum ether it is sparingly soluble cold and moderately soluble hot. It is insoluble in ether, 
even hot. 


SUMMARY 


For the first time 1-naphthyl compounds of the type ArPbX, have been prepared: 1-naphthyllead triace - 


tate, triisobutyrate, and tribenzoate; also 1-naphthaleneplumbonic acid. The properties of these compounds 
were studied. 
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SYNTHESIS OF a-KETO ACIDS VIA AZLACTONES OF 
2-(ACYLAMINO)-3-ALKYL(OR ARYL)ACRYLIC ACIDS, AND 
A NEW SYNTHESIS OF 3-METHYL-2-OXOVALERIC ACID 


Z.S. Kagan 


Various general methods have been proposed for the synthesis of a -keto acids [1], but although some a- 
keto acids, in particular aromatic acids, are generally prepared by the condensation of aldehydes with N-acyl- 
glycines with formation of azlactones of 2-(acylemino)-3~-arylacrylic acids, which are subsequently hydrolyzed, 
this method of synthesis is nevertheless not regarded as general. This reaction, however, is, in fact, general and 
proceeds as follows: 


R 


(CH,coo,, H,O 
SC = 0 + HOOC — CH, — NH; — Rs ———- 
CH,COONa | 
R; R \ 
C—R; 


Ry HCI or Ri 
Se =C—COOH-———+ CH—CO—COOH, 
Rs 


NaOH 
H—R; Rs 


in which R, is aryl or alkyl, R, is alkyl or H, and R, is acyl (benzoyl! or acety]). 


The synthesis of azlactones of « -benzamidocinnamic acids by the condensation of aromatic aldehydes 
with hippuric acid was first proposed by Plochl [2]. Condensation of veratraldehyde in this way is now used for 
the preparation of the azlactone of a -benzamido-3,4-dimethoxycinnamic acid [3], which gives (3,4-dimethoxy - 
pheny1)pyruvic acid by alkaline hydrolysis [4]. By the condensation of 3-indolecarboxaldehyde ,an azlactone is 
formed which is hydrolyzed by alkali to 3-indolepyruvic acid [5,6]. Phenylpyruvic acid is synthesized similarly, 
but N-acetylglycine is used instead of hippuric acid; hydrolysis of the azlactone gives a -acetamidocinnamic 
acid [7], which can be split with alkali [8] or acid [9]. The azlactone of ~-benzamidocinnamic acid has been 
prepared also by the action of benzoic anhydride on phenylserine [10]. 


Azlactones of aliphatic derivatives of acrylic acid have been used to a considerably less extent in the syn- 
thesis of a-keto acids. Thus, 3-methyl-2-oxobutyric acid was prepared by hydrolysis of the azlactone synthe - 
sized by condensation of acetone with hippuric acid [11,12]. The same azlactone was obtained by the conden- 
sation of 3-hydroxyvaline with benzoic anhydride [13]. The azlactone of 2-benzamidocrotonic acid was pre - 
pared by the candensation of DL-threonine or DL-allothreonine with benzoyl chloride in pyridine [14], of ace- 
taldehyde with hippuric acid [14], or of threonine with benzoic anhydride [13]. Hydrolysis of this azlactone gave 
2-oxobutyric acid [14]. Hence, the hydrolysis of azlactones appears to be yet another general method for the 
synthesis of a-keto acids, 


In the course of a study of the biosynthesis of valine and isoleucine in green plants carried out by us in 
V.L. Kretovich's laboratory, the need arose for the synthesis of keto analogs of these amino acids. We verified 
the synthesis of 3-methyl-2-oxobutyric acid by the method indicated (11, 12] and attempted the synthesis of 3- 
methyl-2-oxovaleric acid. 
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EXPERIMENTAL 


Synthesis of 3-methyl-2-oxobutyric acid. A mixture of 100 g of hippuric acid, 250 g of acetone, 100 g of 
sodium acetate, and 190 g of acetic anhydride (all reactants were first purified and dried) was heated in a water 


bath for six hours. The orange liquid was cooled and poured into a large amount of water. The orange precipi - 
tate of azlactone was washed with water, with dilute sodium carbonate solution, and again with water. Crystal- 
lization from boiling aqueous alcohol gave almost colorless needles, m.p. 98-99° (the literature gives m.p. 98- 
99° [11], 99-100° [12], and 100.2-101.2° [13]). Some more azlactone was extracted from the alcoholic mother 
liquor by dilution with water and filtration; yield 34.5 g. The azlactone (32 g) was hydrolyzed with 180 ml of 
concentrated hydrochloric acid in a water bath for six hours, The mixture was cooled, the precipitate was fil- 
tered off, and the orange filtrate was repeatedly extracted with ether. The slightly yellowish ethereal solution 
was dried over sodium sulfate, and the residue after removal of ether was vacuum -distilled. 3-Methyl-2-oxo- 
butyric acid had b.p. 55° (3 mm) and 65° (11 mm) (the literature gives b.p. 65° (11 mm), 65-69° (10 mm) [15], 
65-67° (10 mm) [16], 170-175" at ordinary pressure [17]). The white plate-like crystals of this acid had m.p. 
16,5° (the literature gives m.p, 16° [11], 31° [16]). The yield was 6.3 g. In order to obtain the sodium salt the 
crystals were dissolved in a little water and the solution was neutralized with dry sodium bicarbonate and brought 
to dryness in a vacuum desiccator. Precipitation of the sodium salt with cold acetone, as proposed for the prep- 
aration of sodium pyruvate [18], results in considerable losses. The 2,4-dinitrophenylhydrazone had m.p. 194° 
(the litezature gives 194° [12] and 194-195° [19)). 


Synthesis of 3-methyl-2-oxovaleric acid. The procedure was as described for 3-methyl-2-oxobutyric acid, 
but acetone was replaced by 2-butanone (310 g). However, when the orange reaction mixture was poured into a 
large amount of water, no precipitate formed, but a heavy oily orange liquid separated and was washed (with 
water, with dilute sodium carbonate, and again with water) and hydrolyzed with 150 ml of concentrated hydro- 
chloric acid for six hours in a water bath. No attempt was made to isolate a crystalline azlactone. When the 
acid was added to this liquid, a crystalline precipitate formed which dissolved as the reaction mixture was heated. 
When hydrolysis was complete, the new precipitate that had formed was filtered off and the orange liquid was ex- 
tracted with ether; the extract was dried and evaporated, The residual liquid was vacuum-distilled, 3-Methyl- 
2-oxovaleric acid had b.p, 62-63° (7 mm) and 72° (11 mm) (the literature gives 72-74° (11 mm) [15], 73° (10 mm) 


[20], 70-75° (11 mm) [21], 78-80° (22 mm) [22], 84° (15 mm) [23], and 90° (21 mm) [24]). The melting point of 
the white plate-like crystals was 36° (the literature gives 35° [23], 34.5-35,5° [15], 30° [21, 22], 38-40° for the op- 
tically active isomers of this a-keto acid [20]), The yield was 3.8 g. The sodium salt was prepared in the man- 
ner described above. The 2,4-dinitrophenylhydrazone melted at 168° (the literature gives 168-169° for the race - 
mate [20] and 176° for either of the stereoisomers [20, 25]). 


Of other methods of synthesizing 3-methy1-2-oxovaleric acid [16, 17, 20-25] Wieland’s method [22] de- 
serves special attention because of its comparative simplicity and the high yields obtained, Meister's method is 
also noteworthy [20]; it consists in the oxidative deamination of D-isoleucine or L-alloisoleucine by a prepara - 
tion of D-amine oxidase from liver or the similar treatment of L-isoleucine or D-alloisoleucine by a preparation 
of L-amine oxidase from snake venom. In this case the L- and D-stereoisomers, respectively, are obtained. 


SUMMARY 


1, The condensation of aldehydes or ketones with N-acylglycines with subsequent hydrolysis of the resulting 


azlactones of 2-(acylamino)-3-alky Kor aryl) acrylic acids must be regarded as another general method for the 
synthesis of a-keto acids, 


2, The synthesis of 3-methyl-2-oxobutyric acid by condensation of acetone with hippuric acid and subse - 
quent hydrolysis of the azlactone was repeated, 


3. A new synthesis of 3-methyl-2-oxovaleric acid is described, namely, condensation of butanone with hip- 
puric acid and subsequent hydrolysis of the resulting azlactone of 2-benzamido-3 -methy1l-2-pentenoic acid. 
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TELOMERIZATION OF PROPENE AND ETHYLENE WITH METHYL FORMATE 


G.I. Nikishin, V.D. Vorobyev and A.D. Petrov 


The homolytic telomerization of ethylene in presence of peroxide catalysts has been brought about in 
many cases with such telogens as alcohols [1], aldehydes [2], ketones [3], acids [4], silanes containing silicon-at- 
tached hydrogen [5], etc., and it has been particularly thoroughly studied for polyhalomethanes [6]. These reac- 


tions lave resulted in the preparation of higher functional compounds with a normal carbon chain. The telomer- 
ization of propene has received much less study. 


Urry and Huyser [7] showed that, in presence of tert-butyl peroxide, ethylene and methy! formate give a 
series of methyl] esters ranging from propionic to tridecanoic. They carried out the reaction at 130° at an ethyl- 
ene pressure of 30 atmos and a molar ratio of ester to peroxide of 10: 0,061. Having before us the task of syn- 
thesizing acids having a branched carbon chain and their esters, we examined the telomerization of methy] for- 


mate with propene, We considered that it would be of interest to study also the reaction of ethylene with methyl 
formate at pressures higher than those used previously [7]. 


Reaction of propene with methyl] formate was carried out at a pressure of 100 atmos, at 100°, with the pro- 
portions of ester: propene : tert-butyl peroxide = 1.5:4,6:0.11. It was found that in addition to telomerization: 


O O 
nCHy=CH—CHy+HCE 
OCH, 
polymerization of propene proceeded to a considerable extent, and it was very difficult to separate the ester prod- 
ucts from the admixed hydrocarbons. The total ester content of the reaction mixture in various fractions over the 
boiling range 90-135° (4 mm) amounted to 20-40%. By hydrolysis of the individual fractions with alkali, the es- 
ters were converted into potassium salts of the acids, which were separated from the hydrocarbons and converted 
into silver salts. Analysis of the salts for silver showed that they were derivatives of butyric, heptanoic, and de- 
canoic acids, Salts having silver contents corresponding to higher acids were also obtained, but we did not suc- 
ceed in isolating them. The telomerization of ethylene was carried out at 200 atmos and 150°. Under these con- 
ditions no liquid products were formed. A paraffin-like substance was obtained which, according to elementary 
analysis and its ester and acid values, had an average molecular weight of the order of 1850. 


EXPERIMENTAL 


1, A mixture of 100 g (2.3 moles) of methy] formate, 320 ml (4.6 moles) of propene (commercial), and 10g 
(0.09 mole) of tert-butyl peroxide was prepared in a cooled one-liter autoclave made of 1K18-N9QT stainless steel. 
The autoclave was heated at 150° for eight hours; the initial pressure of propene at this temperature was 100 at- 
mos. The product (30 g) boiled above 70°. The product from several experiments was fractionated through a 
column. The ester values of the fractions were determined by hydrolysis with 0.5 N alcoholic KOH. The hydro- 
carbons were separated, and after being treated with dilute sulfuric acid and ammonia the potassium salts were 
converted into the silver salts with 5% silver nitrate. Fraction I, b.p. 90-100° (nis 1.4103; az? 0.8171) and ester 
value 219, gave a silver salt containing 55.06% of silver; calculated for CgHyCOOAg: 55.33% Ag. Fraction II, 
b.p. 175-195° (nfj 1.4376; dj° 0.8128) and ester value 73.10, gave a silver salt containing 43.64% of silver; cal- 
culated for CgHygCOOAg: 44.75% Ag. Fraction III, b.p. 109-128" (4 mm) (nj} 1.4546; d§° 0.8544) and ester value 
41.2, gave a silver salt containing 38.9% of silver; calculated for CgHyCOOAg: 38.10% Ag. 
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2. A mixture of 126 g (2 moles) of methy! formate and 3 g (0.03 mole) of the peroxide was prepared in a 
one-liter autoclave cooled with solid carbon dioxide; ethylene was then passed in. The autoclave was heated 
at 150° for 10 hours, At this temperature the initial pressure of ethylene was 200 atmos. The product, amount- 
ing to 50 g, was a solid wax, insoluble in ether and alcohol and sparingly soluble in hexane. After being washed 
with ether and dried, the substance had m.p. 85-86", and ester value (determined by boiling it with 0.5 N butan- 
olic KOH) 29.11. The potassium salts of the acids, obtained by boiling the wax with alkali, were converted into 
acids, and the acid value of these was determined and found te be 30.55. Elementary analysis of wax (%): C 
84.24; H 14.27, Molecular weight, calculated from the ester value, 1857, calculated from the acid number, 

oO 
1836, which is close to that of the ester H(CH,CH,)—CZ » molecular weight 1855, C 84.16% and H 14.12%. 
OCHg 


SUMMARY 


1, When propene and methy! formate react in presence of tert-butyl peroxide, telomerization occurs with 
formation of methy] esters of higher acids; in addition the propene polymerizes with formation of hydrocarbons, 


2. Reaction of methyl formate with ethylene gave methyl esters of acids of average molecular weight 1850. 
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CYANOETHYLATION OF METHYL- AND ETHYL-DICHLOROSILANES 
A.D. Petrov and V.M. Vdovin if 
p14 We first carried out the addition of a silane having silicon-attached hydrogen to acrylonitrile in the case a 
of trichlorosilane [1]; the reaction was carried out in an autoclave in absence of solvents, At the same time we * 
attempted to cyanoethylate also CHsSiC1,H and C,HgsSiCl,H under the same conditions with the aid of Raney 
nickel, platinized charcoal, and platinized calcium carbonate. The yields of addition products were small, “ 
however, and the products were complex in composition because addition occurred not only at C=C, but also at is 
C=N. Extensive investigations were later published by Japanese workers [2,3], who also cyanoethylated uichloro- eda 
silane; they showed that in glass ampoules this reaction gives good yields when various catalysts are used, in 7 


particular pyridine, and only the B -isomer Cl,SiCH,CH,CN is formed under these conditions, However, in a steel 
autoclave with the same catalysts these authors observed the formation of only the a-isomer Cl,SiCH(CHs)CN, 
and the use of polar solvents, in particular acetonitrile, increased the yield to 30%. 


In this paper we report the preparation of CHsSiCl,(CH,CH,CN) and C,HsSiC1(CH,CH,CN), which we car- 
ried out under the following conditions, We used equivalent amounts of acrylonitrile and alkyldichlorosilane in 
acetonitrile solution with pyridine as catalyst. The reaction was carried out in an autoclave at 160-170°. In ex- 
periments with pyridine the yields of CHsSiCl,(CH,CH,CN) were 6-12% on the amount of CHsSiCl,H taken for 
reaction and more than 60% on the amount that reacted. The structures of the methyl- and ethy1-dichlorosilyl- 
propionitriles were confirmed by titration with 0.1 N NaOH. Both compounds required two equivalents of alkali, 
which indicated the B-isomer, since the a-isomer, like Cl,SiCH(CHs)CN, should undergo 8 -decomposition when 
hydrolyzed and so require three equivalents of alkali. 


The formation of the 6B -isomer was confirmed also by conversion of our product by the action of three 
molecules of CHgMgl into the ketone (CHs)sSiCH,CH,COCHsg, previously prepared both by us [4] and by Sommer 
(5]. It must be mentioned that a small amount, separable by distillation, of low-boiling a-isomer is formed 
also in this reaction, for by reaction of the low-boiling fraction with three molecules of CHsMgI some (CHs),SiO- 
Si(CHg), was isolated. By the use of platinized silica gel as catalyst, the yield of addition products rose to 40-50% 
on the amount of CHsSiCl,H taken for reaction, However, compounds were now formed which were richer in 
silicon and of higher boiling point, which indicates the addition of two and three molecules of dichloromethy1- 
silane to one molecule of acrylonitrile, evidently as a result of the presence of the C=N bond. We will point 
out also that the nature of the material and the cleanliness of the walls of the autoclave appear to have a sub- 
stantial effect on the addition of silanes to acrylonitrile. This is evident from the fact that in the cyanoethyla- 
tion of dichloromethylsilane in different autoclaves we obtained considerable variation in the yields of CHsSiCl,- 
(CH,CH,CN), and in the cyanoethylation of trichlorosilane by the procedure of the Japanese investigators [3] in 
a steel autoclave we unexpectedly obtained the B-isomer (in 9% yield) instead of the a-isomer. American 
chemists [6] have recently reported, though without giving their experimental data, thay they had succeeded in 
bringing about the addition of CHsSiCl,H to CH,=CHCN and CH,=CHCOOCHs and detected a- and 8-addition 
products by the paramagnetic resonance method, 


EXPERIMENTAL = 
Synthesis of CHsSiC1({CH,CH,CN). A mixture of 115 g of CHsSiCl,H, 60 g of CH,=CHCN, and 8 g of pyr- ‘San 
idine in 200 ml of acetonitrile was placed in a one-liter rotating autoclave and heated. When a temperature of bose 
168° had been attained, in 20 minutes the pressure fell from 15 atmos to 13.5 atmos. In further heating for six ‘ a 
hours at 166-170° no further fall in pressure was noted. Dichloromethylsilane (89 g) and other reactants were 7 : 
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distilled off, and the residue was vacuum-fractionated. A fraction of b.p. 60-90° (8 mm)(23 g) was collected. 
Refractionation of this gave: 


FractionI, b.p. 106-111° (40 mm); 
Fraction II, b.p. 111-113° (40 mm); 
Fraction III, b.p. 113-131° (40 mm); 
Fraction IV, b.p. 140-150° ( 3 mm); 


Fraction II: n?} 1.4518; dj° 1.1722; calculated MR 38.62[7]; found MR 38.66; found Si 16.50; 16.60% cal- 
culated for CHsSiC1,(CH,CH,CN)Si 16.69%, 


In titration by Whitmore's method, a 0,9712-g sample required 113.8 m1 of 0.1 N NaOH and a 0,6002-g 
sample required 70.6 m1 of 0.1 N NaOH. The amounts calculated for CHsSiC1{CH,CH,CN) are 115.2 ml and 
71,2 ml respectively, In the reaction of 8 g of Fraction II with CHgMgl prepared from 20.2 g of CHgI we ob- 
tained 4.5 g of (CHg)sSiCH,CH,COCHsg, b.p. 88-92°/(66 mm); 1.4240;dj° 0.8309 (the literature gives b.p. 
84° (65 mm); n¥ 1.4228; dj? 0.8330 [5]; b.p. 81.5-83° (65 mm); nf} 1.4235; dj? 0.8325 [4]). Analysis of the 
lower -boiling Fraction I for Si gave the same results, but in this case reaction of 9.5 g of substance with 3 mole- 
cular proportions of CHsMgl gave 0.8 g of (CH )sSi —O —Si(CHsg)s, b.p. 98-101° and nf 1.3740, and 1.7 g of 
(CHg)sSiCH,CH,COCHs, b.p. 89-92° (66 mm), nfy 1.4237. Analysis of Fraction IV gave Si 20.0, 20.3%, Calcu- 
lated for CgHySizClN (product of the addition of two CHsSiCi,H molecules to CH;=CHCN): Si 19.82%. 


Synthesis of C,HsSiCl,[CH,CH,CN]. Reaction between 200 g of C,HsSiCl,H, 90 g of CHy=CHCN and 10 g 
of CsHsN was carried out under the same conditions, Two fractionations gave 12.9 g of a fraction of b.p. 122- 
124° (40 mm), nf} 1.4557; dj? 1.1561; calculated MR 43.13; found MR 42.79, Titration with 0.1 N NaOH gave 
74,1 ml for a 0.6626-g sample and 65.6 ml for a 0.5300-g sample. The amounts calculated for C,HsSiCl,(CH,- 


CH,CN) are 73.6 ml and 64,6 ml respectively. Found Si 15.62, 15.53%; calculated for CgHsSiC1,(CH,CH,CN) 
15.35%, 


When the reaction was carried out with 115 g of CHsSiCl,H, 60 g of CH,=CHCN and 0,3 g of 0.5% Pt on 
silica gel in 200 ml of acetonitrile, on the attainment of 170° there was a sharp fall in pressure from 15 to 9 at- 
mos, Fractionation gave 12 g of a crystalline substance, m.p. 31.5° and b.p. 112° (16 mm), and other high-boil- 
ing substances (46 g), Found Si 20,1-20,.4%, For CsHySigCl,N (product of the addition of two CHsSiC1,H mole - 
cules to acrylonitrile), calculated Si 19.82%, No CHsSiCl,CH,CH,CN) was found. When these reactions were 
carried out under the same conditions and with the same relative amounts of reactants, but in absence of solvent 


(acetonitrile), then both in the steel autoclave and in the sealed ampoules no appreciable amounts of high-boil- 
ing silicon compounds could be detected. 


Reaction between 100 g of HSiCl, and 48 g of CH,=CHCN in 200 ml of acetonitrile in presence of 10 g of 
pyridine gave 14 g of a fraction of b.p. 75-116" (40 mm), Fractionation gave a small amount of a liquid, b.p. 
96-98" (41.5 mm) (a-isomer). The main product was the fraction of b.p. 117-118° (41 mm) and m.p, 33-34", 

A mixture me lting point test of this substance with Cl,SiCH,CH,CN obtained by us by direct synthesis [4], showed 
no depression, All experiments were carried out in EYal-T steel autoclaves, 
SUMMARY 

By the condensation of methyl- and ethyl-dichlorosilanes with acrylonitrile in acetonitrile in presence of 

pyridine as cata lyst, 3-(dichloromethy lsily])propionitrile and 3-(dichloroethylsilyl)propionitrile were synthesized. 
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ORGANOMAGNESIUM SYNTHESIS OF VINYL COMPOUNDS OF 


SILICON, GERMANIUM AND TIN 


A.D. Petrov and V.F. Mironov 


The first compound of this group (C,Hs)sSiCH=CH, was prepared [1] by the chlorination of tetraethylsilane 
to CHsCICHSi(C,Hg), and the dehydrochlorination of this with alcoholic alkali. This method of synthesizing vin- 
yl compounds of silicon (chlorination-dehydrochlorination) was later extended to other orgsnosilicon compounds, 

in particular to C,HgSiCl,, with the use of other dehydrochlorinating agents, quinoline and aluminum chloride [2}. 
In a similar way we recently synthesized trichloroviny germane [3]: 


quinoli 


SO,Cl, ne 
C,H;GeCls; ——— CICH,CH,.GeCl, —> CH, = CHGeC]s. 


This method, however, though satisfactory for vinylsilanes, is not very convenient for germanium owing to 
the low yields obtained, and it will probably be almost ineffective in the case of tin. For these compounds the 
direct method is still less satisfactory, since in the reaction of vinyl chloride on alloys of copper with silicon* 
and with germanium [3], vinyl derivatives of these elements are formed in negligible yield. The addition of 
HSiCl, and RSiHC], to acetylene under certain conditions [6-9] is not, according to our results, a convenient lab- 
oratory preparative method for the preparation of vinylsilicon compounds, 


Moreover, it must be pointea out that all of the above-mentioned methods are suitable only for the synthe - 
sis of monoviny! derivatives of silicon or germanium. For the synthesis of di- and poly-vinylsilanes, both Kana- 
zashi [10] and we [11] have used the condensation of chlorosilanes with vinyl chloride in presence of sodium: 


Na 
R,SiCl,_, + 4 (4—n) CH, = CHC] —— R, Si (CH=CHg),_». 


Although dimethyldivinylsilane is then formed in about 20% yield, we have not yet succeeded in synthesizing 
(C3Hs)2Si(CH=CHg), by this method [12]. 


The introduction by Normant [13] of an excellent method of synthesizing the Grignard reagent from vinyl 
bromide or chloride in a tetrahydrofuran medium prompted us to investigate the possibility of condensing this re - 
agent with alkylchlorosilanes, -germanes, and -stannanes, It was found that both mono- and polyvinyl deri- 
vatives of silicon, germanium, and tin can be synthesized by this method in high yield, which makes this univer- 
sal synthesis undoubtedly the most convenient. Below we describe the conditions for the synthesis of some of 
these compounds, 


EXPERIMENTAL** 
Triethylviny'stannane (C,Hs)sSnCH=CH,.*** Ethyl bromide (0.5 g) was added tc 11 g of magnesium in 


*This observation is in accord with those of Hurd [4], but contradicts the statements of Shostakovsky and 
Kochkin [5]. 
**N.G. Maksimova took part in the experimental work. 
***We became aware of the synthesis of this compound by Sejferth and Stone [14] only after the present work 
had been completed. 
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50 ml of tetrahydrofuran (distilled over sodium). When reaction was complete, a solution of 50 g of vinyl bro- 
mide in 100 ml of tetrahydrofuran was added. To the CHz=CHMgbBr so prepared,92 ml of chiorotriethy lstannane 
(15] was added: much heat was evolved and it was necessary to cool the flask. On the next day tetrahydrofuran 
was distilled from the flask and the residue was heated in a boiling water bath for two hours. Ether (200 ml) was 
added, and the contents of the flask were decomposed with water. The organic layer and ether extracts of the 
aqueous layer were combined and dried over calcium chloride. Ether was distilled off, and the residue was frac- 


tionated through a column, The product, amounting to 70 g (79%), was triethylvinylstannane, b.p, 174-175"; 
n¥§ 1.4780; dj 1.2133; found MR 54,87; calculated MR 54.34, 


Found %; C 41.36, 41.12; H 7.67, 7.73; Sn 51.27. CgHygSn. Calculated %: C 41.25; H 17.79; 
Sn 50.95, 


Ethy Idivinylsilane (CpHs)HSi(CH=CH,),. A solution of 90 g of vinyl bromide in 100 m1 of tetrahydrofuran 
was added to 20.5 g of magnesium in 125 ml of tetrahydrofuran. To the resulting CH,=CHMgBr,50 g of (C3Hs)- 
HSiCl, was added. On the next day, boiling was continued for six hours. After the usual treatment fractionation 
through a column gave 10.5 g (22.2%) of ethyldivinylsilane, b.p. 93-94.6°; nf} 1.4305; dj” 0.7559; found MR 
38.40; calculated MR 38.71. A polymer (29 g) remained in the flask. 


Found % C 64,29, 64,16; H 10.71, 10.71; Si 24.77, 25.20. CgHy,Si. Calculated %; C 64,20; 
H 10.77; Si 25,02, 


Diethy ldivinylgermane (C,Hs),Ge(CH=CHy,),. Reaction between 18 g of magnesium in 125 ml of tetrahy- 
drofuran and 80 g of vinyl bromide in 100 ml of tetrahydrofuran gave CH,=CHMgBr, to which 69 g of (C,Hg),Ge- 
Cl, was added, On the next day tetrahydrofuran was distilled off and the residue was heated in a water bath for 
five hours, The usual treatment gave 35 g (55%) of diethyldivinylgermane, b.p. 149.8°; nf§ 1.4575; d?° 1.0193. 


Found %: C 51.95, 51.84; H 8.47, 8.48; Ge 39.28, 39.21. CgHygGe. Calculated %: C 51.99; 
H 8.72; Ge 39.28, 


Under similar conditions we synthesized CgHgSi(CH=CHg)s; CH Si(CH=CHg)s; 
(CHgs)sSnCH=CH,; (CgHs)Ge(CH=CHg)3; CgHgSi(CH=CHg)s. 

It should be mentioned that, in the first place [12], working with tetrahydrofuran prepared from furalde- 
hyde obtained in the wood-processing industry, we were unable to obtain diethyldivinylsilane with the aid of 
Normant's reagent, 

SUMMARY 
It was shown that condensation of Normant's reagent (CH,=CHMgBr) with alkylchlorosilanes, -germanes, 


and -stannanes results in the synthesis of vinyl derivatives of silanes, germanes, and stannanes containing one, 
two, or three, vinyl radicals. 
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RELATIVE EFFICIENCIES OF SILICON-COPPER AND SILICON-NICKEL ALLOYS 
IN THE DIRECT SYNTHESIS OF CHLOROVINYLSILANES 


M.F. Shostakovsky, E.M. Savitsky, D.A. Kochkin and L.V. Musatova 


It has been shown previously that chlorovinylsilanes can be prepared by passing viny1 chloride over a sili- 
con-copper alloy [1,2]. There is also a patent [3] concerning the use of Group V-VIII metals as activators for 
the silicon-copper alloy, Later, more detailed investigations, reported below, showed that the relative amounts 
of the alloy components and the reaction conditions are of great importance. When the alloy described in our 
previous communication [1] was analyzed more carefully, it was shown that it contained 50% of silicon, 49.2% 
of copper, and 0.4% of aluminum. Silicon-copper alloys containing less than 50% of copper were found to be 
not very effective for the preparation of chlorovinylsilanes. We investigated also silicon alloys containing vari- 
ous other metals, i.e,, chromium, manganese, molybdenum, cobalt, tungsten, magnesium, aluminum, nickel, 
and mischmetall. All experiments were carried out at temperatures of up to 700°, 


For all metals other than nickel and copper, negative results were obtained. From the results on the syn- 
thesis (see table) it follows that silicon-nickel is more active than silicon-copper. The best results in the syn- 
thesis of chlorovinylsilanes were obtained with a silicon-nickel alloy containing 80% of silicon and 15% of nickel. 
Silicon-nickel alloys of higher nickel content bring about the formation of a considerable amount of decomposi- 
tion p-nducts of vinyl chloride. Thus, with an alloy of 50% silicon and 50% nickel the main reaction product was 
silicun tetrachloride. In this case the catalyst was rapidly poisoned. For practical purposes the synthesis became 
ineffective after 25-30 hours. It must be supposed that synthesis in a suspended layer of catalyst, i.e., under con- 


ditions of considerably increased effective catalyst surface and a more favorable temperature schedule, could be 
carried out more effectively. 


Fractionation through a column showed that the reaction products contained trichlorovinyl- and dichloro - 
divinylsilanes and the following by-products: trichlorosilane (up to 30%), silicon tetrachloride (up to 40-50%), 


dich loroethy silane (1.5%), trichloroethylsilane (3-4%), and high-boiling products the composition of which we 
have not yet established, 


4, 2CH, = CHCl + Si (CH, = CH),SiCl, 
2. 3CH, = CHCl + Si CH, = CHSiCl, + 4C + 3H, 

3. 3CH, = CHCl + 2Si-+ CH, = CHSiHCl, + CH, = CHSiH,Cl + 2C 
4. 4CHy = CHCl + Si SiCl, + 8C + CH, 

5. 3CH, = CHCl + Si— HSiCls + 6C + 4H, 

6. CH; = CHSiHCl, C:H,SiHCl, 

7. = CHSiCls + C,H,SiCls 


ing dichlorodivinyl- and trichlorovinylsilanes [Equations (1) and (2)]. The formation of dichloroethy silane 
{Equation (6)] and trichloroethylsilane [Equation (7)] can be explained by the hydrogenation of the corresponding 


chlorovinylsilanes, Hydrogen is formed as a result of the pyrolysis of the reaction products and of the original 
vinyl chloride. 


The most satisfactory reactions from the point of view of the utilization of the vinyl chloride are those giv- 
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EXPERIMENTAL 


Direct synthesis of chlorovinylsilanes in presence of an 80: 20 silicon-nickel alloy, The alloy* (450 g) in o 2 


the form of lumps or of coarse powder was placed in a stainless steel catalysis tube, 600 mm in length and 42 
mm in diameter, fitted with thermocouple, flow meter, receiver, condenser, and trap cooled with solid carbon 
dioxide, and acetone. In order to attain a more uniform distribution, short lengths of hard-glass tube were added, 
The alloy was dried in a stream of nitrogen at 300° for two hours. Vinyl chloride was passed at a rate of 12-15 g 
per hour at 420-450°. In the course of 61 hours,689 g of vinyl chloride was passed and 176.0 g of liquid reaction 
products was obtained, It was fractionated through a column (20 theoretical plates). 


The following fractions were obtained: 


Fraction I, 41.2 g (23.4% by weight), b.p. 31.32°; found Cl 78.34, 78.25%; dz? 1.3428. Fraction I con- 
sisted mainly of trichlorosilane HSiCl,. The literature gives b.p. 31.8° (760 mm), d? 1.3438, Calculated for 
HSiCl, 78.51% Cl. 


Fraction II, 50.2 g (28.5%), b.p. 55-57°; found Cl 83,18, 82.00%, which corresponds to silicon tetrachloride. 


Fraction III, 2.6 g (1.5%), b.p. 62-82°; found C1 55.00, 54.85%; dj° 1.077, corresponded to dichloroethy1- 
silane. The literature gives b.p. 74.5° (752 mm) d%” 1.0849. Calculated for C,HsSiHC1, 55.0% Cl. 


Fraction IV, 26.0 g (14.8%), b.p. 88-95°; found Cl 65.42, 65.27%; d2° 1.2588, was trichlorovinylsilane. 
The literature gives b.p. 92°(742 mm); dj? 1.2650 (4). 


Fraction V, 10.7 g (6.1%), b.p. 97-103"; found Cl 65.0, 64.78%; 2° 1.2269, was trichloroethylsilane. The 
literature gives b.p. 97-103° (760 mm); 3° 1.2388, 


Fraction VII, 5.6 g (3.2%), b.p. 113-120°; found Cl 46.05, 46.01%; d%° 1.0800, contained dichlorodiviny1- 
silane, The literature gives b.p. 118-119° (754 mm); 4° 1.0813 [1]; calculated for (C,Hs)SiCl, 46.30% Cl. 


Fraction VIII, 1.8 g (1.2%), b.p. 127-130°; found Cl 44.81, 44.91%; d3° 1.131, was dichlorodiethylsilane. 
The literature gives b.p. 128-130° (760 mm); d/® 1,106; calculated for (CgHg),SICl, 45.15% Cl. 


Fraction IX, 27.5 g (15.6%), was the high-boiling residue, b.p. above 130°, 


The results on the synthesis of chlorovinylsilanes are given in the table, which states the optimum temper- 
ature, the time (hours) and the rate of passage of vinyl chloride. Under these conditions the synthesis was at its 
highest efficiency. Thus, continuation of the process with the above-specified alloy beyond a period of 61 hours 
did not give very satisfactory results even when the temperature was raised and the rate of passage of vinyl chlo- 
ride was changed. The alloy was converted into a black friable mass of high carbon content. The table gives 
the results of syntheses in presence of other alloys, the procedure being as indicated above. 


TABLE 


Results of the Direct Synthesis of Chlorovinylsilanes in Presence of Copper and Nickel 
Alloys of Silicon ( rate of passage of vinyl chloride 12-15 g/hour; amount of alloy 
450 g) 


Comp. of . rs Composition of reaction products (%) 


420—430 | 176.0} 61.0] 23.4 | 28.5] 1.5 4.8 0.8 | 3.2 | 15.6 
— | 370—420} 152.0} 41.0] 13.7 | 52.4 | 2.2 8,0 
— | 300—360 | 171.0] 20.5] 21.6 | 40.1 | 3.6 3.3 1.2} 2.8 | 13.7 
50 | 470—490 | 112.0] 53.0} 20.0 | 40.0] 6.4 | 16.0 1.3 — | 12.2 - 
10 | 420—450| 21.0] 14.5] 13.5 | 35.4] 28 | 11.0 0.9 — | 10.9 ; 


‘4 
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80) 15 
= 70 | 30 
3015 
a 80 | 50 
50 | — 
an 80 | 10 
a *The alloys were prepared by Yu.G. Kolonin. 


SUMMARY 


1, It was shown that silicon-nickel alloys are more effective than silicon-copper alloys in the direct syn- 
thesis of chloroviny silanes. 


2, It was shown that silicon-nickel alloys containing 15% or more of nickel are the most satisfactory. 
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PRODUCTS OF THE ADDITION OF DIAZOMETHANE 


TO UNSATURATED COMPOUNDS 


V.V. Korshak and V.A. Sergeev 


The reaction of diazomethane with olefine results in the formation of various pyrazolines [1, 2]. We pre- 
pared pyrazolines by the addition of diazomethane to styrene, methyl acrylate, methyl methacrylate, ethylene 
diacrylate, and ethylene dimethacrylate. Addition of diazomethane to styrene gave 3-pheny1-2-pyrazoline: 


CH = CH, 
| + CH:N, > 


3-phenyl-2-pyrazoline 


3-Phenyl-2-pyrazoline (m.p. 45-47°) was characterized as its hydrochloride and N-nitroso derivative (m.p. 
151-153"), and it was found to be identical with the pyrazoline obtained by Auwers and Heimke [3] from 3-chlo- 
ropropiophenone and hydrazine hydrate. In this way we showed the incorrectness of the results of Oliveri-Mandala 


Volume of nitrogen (ml) 


0 20 0 @ 50 60 1 80 9 100 
minutes 
Fig. 1. Liberation of nitrogen in the decompo- 
sition of the ethylene ester of 2-pyrazoline-3- 
carboxylic acid at 179° (amount of substance 
taken 1.13 g). 


[4], who found that the addition of diazomethane to styrene 
gave 4-pheny1l-2-pyrazoline. 


The products of the addition of diazomethane to 
ethylene diacrylate and to ethylene dimethacrylate have 
not been described in the literature. Table 1 gives the 
temperatures at which these pyrazolines begin to decom- 
pose, 


The kinetics of the decomposition of the ethylene es- 
ter of 2-pyrazoline -3 -carboxylic acid at 179° are shown in 
Figure 1. Decomposition proceeds as a unimolecular reac- 
tion rate constant k = 0.026 minute 


As there are references [5] in the literature to the 
possibility of using pyrazolines as initiators for free -radical 


polymerization, we investigated the initiating powers of 
the pyrazolines obtained. 


The ability of pyrazolines to initiate free-radical 
polymerization was examined for monomers such as styrene, 


methyl acrylate, and methyl methacrylate. Table 2 gives the results of the polymerization of styrene at 120-121° 
for seven hours in presence of various amounts of the ethylene ester of 5-methyl-2-pyrazoline -5 -carboxylic acid. 


As will be seen from Table 2, the rate of polymerization remains the same as that of the control sample. 
Benzene -soluble polystyrene was obtained, and no trace of insoluble three-dimensional polymer could be found. 
The polymerization of styrene was investigated further at 80° in presence of 0.5% of the pyrazolines that we had 
obtained and also of diazoacetic ester, diazomethane, and benzoyl! peroxide. 


: 

— C— CH, 
I d 

N 
H 
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175 
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TABLE 1 


Temperatures at Which Pyrazolines Begin to Decompose 


Pyrazoline Temperature 
at which de- 
composition 


Starts 


Methyl] 5-methy1-2-pyrazoline -5 -car- 
boxy late 

Methyl] 3,5 -dimethy1-2-pyrazoline -5 - 
carboxylate 

Ethylene bis(2-pyrazoline -3 -carboxy late) 

Ethylene bis(5-methy1-2-pyrazoline -5- 
carboxylate) 


TABLE 2 


Concentration of ethylene 
bis(5 -methy1-2-pyrazoline - 
5 -carboxylate 


Conversion (%) 


Figure 2 shows that the rate of polymerization of styrene in presence of pyrazolines remains almost the 
same as the rate of thermal polymerization. These substances, therefore are not capable of initiating free -radi - 
cal polymerization of styrene, For the polymerization of methyl acrylate and methyl methacrylate the pyrazo- 
lines even behaved as inhibitors, for in their presence no solid polymer could be isolated even after 28 hours. 


0 


9 


Conversion (%) 


6 & 0 12 @ 1 th 20 2 2 
Time (hours) 


Fig. 2, Kinetics of the polymerization of styrene at 80° in 
presence of 0.5% of 1) ethylene bis(3 -methy1-2-pyrazoline- 
3-carboxylate); 2) 3-phenyl-2-pyrazoline; 3) diazoacetic 
ester; 4) no addition; 5) ethylene bis(2-pyrazoline -5-car- 
boxylate); 6) benzoyl peroxide, 


SUMMARY 


1, It was shown that reaction between diazomethane and styrene results in the formation of 3-pheny1l-2-py - 
razoline, 


2, Products of the addition of diazomethane to the ethylene esters of acrylic and methacrylic acids were pre- 
pared, 
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3. The kinetics of the decomposition of the ethylene esters of 2-pyrazoline -3 -carboxylic and 5-methy1l-2- 
pyrazoline -5-carboxylic acids were studied, 
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FREE-RADICAL MECHANISM OF THE THERMODEGRADATION 
OF CELLULOSE AND FORMATION OF LEVOGLUCOSAN* 


A.M. Pakhomov 


The mechanism which, until now, has been most generally favored for the formation of levoglucosan in 
the thermodegradation of cellulose in a vacuum [1] may be represented as follows; 


Cellulose glucose le voglucosan 


We have already shown [2] that the thermodegradation of cellulose in a vacuum proceeds mainly by break- 
down at the 1,4-glucosidic linkages, 


In the course of further investigation of the mechanism of the thermodegradation of cellulose in a vacuum 
and the formation of ‘evoglucosan we suggested [3] that the formation of levoglucosan proceeds by a free-radical 
mechanism: 


Cellulose —> free radicals —» levoglucosan 


This suggestion is in accord with the experimental data. Free structural units of cellulose (radicals) of this 
sort can be formed by the breakdown of 1,4-glucosidic linkages, It ceases to be necessary to assume an inter- 
mediate stage,i.e,, the formation of glucose (which is not in accord with experiment [2]). We now have an ex- 
planation for the transposition of bonds in the formation of levoglucosan from cellulose. On the basis of a free- 
radical mechanism we can picture the formation of 1,6-anhydro-8 -D-glucofuranose [4] and the formation of 
2,3,6-tri -0-methy1-1,4-anhydro-8 -D-glucopyranose in the thermodegradation of trimethylcellulose [5]. 


Moreover, the free-radical mechanism of the thermodegradation of cellulose is highly consistent with the 
available data on the chemistry of free radicals in the thermal decomposition of both simple and complex stable 
organic compounds [6]. In macromolecular heterochain compounds the weakest link in the chain is generally 
the bond between carbon and the hetero atom [7]. This has been noted for polyoxymethy lene [8], polyethylene 
sebacate, polydiethylene sebacate [8], and other polymers, The high yield of levoglucosan and its structure leads 
us to the conclusion that the weakest link in the cellulose molecule is the 1,4-glucosidic linkage. 


On analogy with available data on the behavior of macromolecular compounds such as rubber and the like, 
which give mainly cyclic compounds at low temperatures (180-350°) and more highly degraded products at high 
temperatures [10-12], we may suppose that, in the breakdown of a cellulose molecule at 1,4-glucosidic linkages, 
in the first place large radicals are formed, and these can then break down further in two ways. There may be 
intraradical transpositions of atoms in the terminal structural unit of cellulose carrying the free bond with simul- 
taneous breakaway of the radical, mutual saturation of free valences, and formation of the stable neutral mole - 
cule of levoglucosan, Similar intraradical transpositions then occur with the next structural unit, and so on, The 
other way includes initial breakaway of the terminal structural unit, formation of a diradical, and its further iso- 
merization into levoglucosan. 


*This work was the subject of a report to an open colloquium of the Laboratory of Natural Macromolecular Com- 
pounds of the Institute of Organic Chemistry of the Academy of Sciences of the USSR held in 1955. 
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It is evident that this is the way in which trimethylcellulose behaves when heated in a vacuum. The tri- 
methylcellulose molecule breaks at 1,4-linkages and, as the hydroxy groups of the original molecule are re- 
placed by methoxy groups, the radicals formed give stable neutral molecules of 2,3,6-tri-0-methyl-1,4-anhydro- 
8 -D-glucopyranose as a result of the mutual saturation of free valences in the 1- and 4-positions. In any case, 
it appears that a necessary condition for the formation of levoglucosan in the thermal decomposition of carbohy- 
drates is the formation of radicals having free valences in the 1- or 4-positions and having the chemical compo- 
sition of levoglucosan, If this condition is not fulfilled, the formation of levoglucosan is not very probable. 


As already stated, one possible way in which large radicals may break down results in the formation of di- 
radicals, In this case diradicals (I) and (II) may be formed: 


H OH H OH 
= 
— 
! 
OH os aN 
| 
CH,OH_ | CH,OH_ Il 


Data in the literature [6] show that diradicals may undergo various further chemical transformations, but 
if a radical,or particularly a diradical, is an isomer of a neutral molecule, isomerization to a stable molecule 
will be the primary process. Diradicals, therefore,have an extremely short life and are therefore rarely able to 
initiate chain reactions [13]. 


For the formation of levoglucosan from the diradical (I) it is necessary to assume the transposition of a hy- 
droxyl from C-6 to C-4 with mutual saturation of the free valence of the hydroxy group on C-1 and the free val- 
ence on C-6, In the formation of levoglucosan from the diradical (II) it is necessary to assume saturation of the 
free valence of the oxygen on C-4 with hydrogen and the formation of an oxygen bridge between C-1 and C-6. 
According to Reeves [14], the spatial structure of levoglucosan is such that the formation of an oxygen bridge in 
the 1,6-position should be sterically hindered, since the distance between these atoms is small and they are dis- 
posed on the same side of the plane of the pyranose ring. 


In addition to these main transformations of the diradicals into levoglucosan, to a slight extent other iso- 
merizations are also possible. Thus, by the opening of the 1,5-oxygen bridge in the diradical (II), 1,6-anhydro- 
8 -D-glucofuranose can readily be formed. 


The proposed scheme is consistent with other existing suggestions concerning the regularities observed in 
the breakdown of large molecules and the formation of cyclic compounds [15]. 
SUMMARY 


1. A free-radical mechanism is suggested for the thermodegradation of cellulose in a vacuum and the for- 
mation of levoglucosan. 


2. It is shown that the free-radical mechanism is consistent with the existing experimental data on the 
chemistry of free radicals, 
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TRANSFORMATIONS OF CELLULOSE AT ELEVATED TEMPERATURES 


COMMUNICATION 6, EFFECT OF ADDITIONS OF GLUCOSE ON THE FORMATION OF 
LEVOGLUCOSAN IN THE VACUUM THERMODEGRADATION OF CELLULOSE 


O.P. Golova, A.M. Pakhomov and E.A. Andrievskaya 


Our previous investigation of the vacuum thermodegradation of cellulose led us to some interesting ob- 
servations on the ways in which the yield of levoglucosan is affected by the physical structure of the cellulose 
{1] and the chain length of its macromolecule [2]. We showed also that levoglucosan is formed in low yield 
from regenerated cellulose, i.e., from readily hydrolyzed cellulose [1]. These investigations suggested that glu- 
cose has a specific unfavorable effect on the formation of levoglucosan. In order to verify this suggestion we 
investigated the effect of additions of a- and B-glucose on the formation of levoglucosan. 


EXPERIMENTAL 


The thermodegradation was carried out under the optimum conditions which we have used previously for 
the preparation of levoglucosan from cellulose [1]. Glucose was introduced into the sphere of reaction in two 
ways. At first the thermodegradation of cellulose was carried out in a stream of decomposition products of glu- 

cose obtained by heating glucose in a separate vessel. Under these 
conditions no reduction in the yield of levoglucosan was noted. This 
could be explained by an inadequate period of contact with the ther- 
modecomposition products of glucose as a result of the presence of a 
high vacuum, and also by the shortness of the period during which 
these products exist in an active form. In later experiments, there - 
fore, glucose was introduced directly into the cellulose preparation: 
2-20% of glucose was mixed with the loose cellulose and the mixture 
was briquetted. In this case we observed an appreciable reduction in 
the amount of levoglucosan formed. As will be seen from the figure, 

Pee © ded (4) the yield of levoglucosan fell to 30% on the cellulose taken, irrespect- 


ive of the amount of glucose introduced and its configuration (a- or 
Effect of addition of glucose to cel- 8 -glucose), 


lulose on yield of levoglucosan, 


s 


€ 
3” 
29 
= 


In explanation of this phenomenon it may be supposed that the 
lowering of the yield of levoglucosan is due to the retarding effect of 
the very active fragments of the glucose molecule on the formation of levoglucosan. The mechanism can be 
elucidated only after a detailed study of the kinetics of thermodegradation in presence of glucose. 


SUMMARY 


The presence of 2-20% of glucose in cellulose during its thermal degradation results in a reduction in the 
yield of levoglucosan from 55-60% to 30%, 
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LETTERS TO THE EDITOR 
ESTIMATION OF THE DISSOCIATION ENERGIES OF C,H-H AND C,H 3-H 
BY THE ION-IMPACT METHOD 7 
; The authors’ method [1], used previously (2, 1] for the determination of the affinities of HO, CHOH, and 
C,HsOH for a proton, has now been applied to the estimation of the dissociation energies of the C—H bonds in sae 
. C,H, and C,Hy. Investigation on a special mass spectrometer [3] of the results of collisions of C,H,* ions with - 
nal H,O molecules and also of CHyOH* ions with C,H, molecules showed that the reactions 1) C,H,* + H,O = H,O* + os 
+ + and, 2) CHyOH* + = CHgOHf + Q, + (Q —heat of reaction), respectively, cannot be detected 
in the mass spectrometer, Hence, Q, < 0 and Q,< 0. Since J(C,H,) = 11.43 ev, J(H) = 13.59 ev, Py :0 = 167 > 
kcal/mole [1], J(HyOH) = 10.95 ev, and PCH,OH > 177 kcal/mole [2], it follows from Reaction (1) that ‘ 
D(C,H—H) > 117 kcal/mole, and from Reaction (2) that D(C,H—H) > 116 kcal/mole. It was established spec- | 


troscopica lly [4] that D(C,H—H) = 121 kcal/mole. We thus find that D(C,H—H) = 119 4 2 kcal/mole.* We = 
a estimated also the lower limit of possible values of D(C,Hs—H). In the collision of C,H,* ions with H,O mole- 
cE cules the reaction 3) HO + C,H,* = HgO* + C,Hy + Qy cannot be detected. Hence, Q,< 0. Use of the values 
: of J(CgHg) = 10,62 ev, J(H), and PHO leads to the inequality D(C,Hy—H) > 97 kcal/mole. a 
> E.L, Frankevich 
and V.L. Talroze 
LITERATURE CITED 
o {1] V.L. Talroze and E.L. Frankevich, Proc, Acad. Sci. USSR No. 2, 376 (1956). ae 
beg (2) E.L. Frankevich and V.L, Talroze, J. Phys, Chem. (in the press), | 
< [3] E.L. Frankevich and V.L. Talroze, PTE No. 2, 48 (1956). 
[4] R. Cherton, Bull. Soc. Sci. Liege 11, 208 (1942). 
+ Received October 7, 1957 Institute of Physical Chemistry ra 
7 Academy of Sciences, USSR 
— 
- *The fact that acetylene is not an exception to the rule that exothermal reactions are observable in the mass 
eR, which lies at the basis of our method,is shown by our detection of the reaction C,H} + NHs = C,H + 
+ NHj. 


NEW REACTIONS OF TROPYLIUM SALTS 


We have shown that cycloheptatrienylium (tropylium) salts alkylate ("tropylate") compounds containing 
mobile hydrogen with great ease. Thus, tropylium bromide reacts in the cold with 8 -keto esters (acetoacetic, 
ethylacetoacetic, and diacetoacetic esters), B-diketones (acetylacetone, dimedone), and 6 -dicarboxylic acids 
and their derivatives (malonic acid, cyanoacetic ester, etc.). Tropylium salts react with various aliphatic alde- 
hydes just as readily, Aliphatic and aliphatic-aromatic ketones also react when heated with tropylium salts, 
Tropy lium saits readily alkylate many aromatic compounds: reaction with resorcinol and phloroglucinol goes 
in the cold, and reaction with phenol, hydroquinone, and 1- and 2-naphthols go with warming. 


Unlike ordinary ethers, tropylium oxide (CyH,),0 alkylates 6-keto esters, 6 -diketones, and 8 -dicarboxylic 
acids under very mild conditions, Thus, acetoacetic esters gives cycloheptatrienylacetoacetic ester (b.p. 130° 
(4mm); found (%): C 70.95, H 7.34), 


Tropy lium salts add very readily to compounds containing activated multiple bonds, ¢.g., to vinyl ethers, 
cyclopentadiene, phenylacetylene, Thus, reaction of ethyl vinyl ether with tropylium salts gave cycloheptatri- 
enylacetaldehyde (b.p. 62° (2mm); found (%): C 70.88, H 7.32). Reaction of cyclopentadiene with tropylium 
bromide in alcohol gave bromocycloheptatrienylcyclopentene (b.p. 113° (3 mm); found (%): C 61.20, H 5.70), 
and with tropylium perchlorate in water it gave cycloheptatrienylcyclopentenol (b.p. 116° (4 mm); found (%): 
C 82.61, H 8.06). 


The reactions studied reveal new possibilities for the synthesis of cycloheptatriene and tropylium deriva - 


tives, 


M.E. Volpin, I.S, Akhrem 
and D.N. Kursanov 
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PUBLIC HEALTH SERVICE BETHESDA 14, MD. 


NATIONAL INSTITUTES OF HEALTH 


August 15, 1958 


Mr, Earl Coleman 
Consultants Bureau 

227 West 17tnStreet 
New York 11, New York 


Dear Earl: 


Now that we are about to renew our contract for another yeat for translated 
issues of Biochemistry and Bulletin of Experimental Biology and Medicine, it seems 
appropriate to review the performance of Consultants Bureau over the past year. This 
is even more pertinent because the circumstances under which we procure these trans 
lations from your firm differs from those under which we contract for the publication 
of other journals, Since these two translated journals were started at your initiative, 
and ate the property of Consultants Bureau, your firm has complete independence in 
the matter of translation quality and speed of publication, 


In distributing these two journals to 400 medical research libraries we have 
exposed them to the white light of publicity before a highly critical scientific com= 
munity. We have yet to receive a single letter critical of the translations made by 
your firm. To the contrary, We have been receiving 4 number of letters from medi- 
cal scientists, and their spokesmen, the medical lib: ‘ies, throughout the country, Tte> 
porting how highly thought of these journals are in the scientific community. This 


speaks volumes for the high standards of translation and editing which you have es~ 
tablished and maintained. 


We are equally pleased with the speed of delivery of these translated journals. 
1 am well aware of the tremendous strains on your production staff occasioned by the 
sharp accumulations of pressures for the translation of Russian science and technology. 
The fact that your staff has been able to maintain its translation and publication schedules, 
and produce these and the other journals on your program without interruption during 
these critical months is indeed a cause for congratulations. 


On our part, we are gratified both with your product, and with the contribution 
it has made to the advancement of medical research in the United States. We are plac- 
ing this renewal order with you in full confidence that the future issues of these two trans~ 
lated journals will maintain the high standards you have set for yourself. 


Sincerely yours, 


S com 


Scott Adams, Librarian 
National Institutes of Health 


National Cancer Institute National Heart Institute National Institute of Allergy and Infectious Diseases National Institute of Arthritis and Metabolic Diseases 
National Iustitute of Dental Research National Institute of Mental Health National Institute of Neurological Diseases and Blindness The Clinical Center 
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